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Figure I.1 : Dimensions caractéristiques des structures biologiques et technologiques 

De formes variées, les cellules présentent des constitutions plus ou moins complexes avec 

cependant une structure universelle. En effet, elles sont toutes délimitées par une membrane qui 

renferme des molécules qui baignent dans un milieu gélatineux appelé le cytoplasme.  

1.1. La membrane  

La membrane, formée d’une bicouche lipidique (Figure I.2) renfermant des protéines, est 

une enveloppe qui délimite, entoure et protège la cellule [1]. Grâce à cette structure moléculaire 

inhomogène, la membrane joue un double rôle dans la vie de la cellule : à la fois en tant 

qu’isolant et en tant que filtre :  

• les molécules lipidiques, arrangées en une bicouche épaisse de 5 à 10 nm, forment une 

barrière imperméable au passage de la plupart des molécules solubles dans l’eau ; elles 

bloquent totalement le passage des ions inorganiques (K+, Na+, Cl-, Cl2+, …) et freinent la 

diffusion des solutés organiques polaires tels les acides aminés, 

• les protéines ont pour rôle de réguler les échanges transmembranaires ; en elle-même, la 

membrane n’est perméable qu’aux petites molécules hydrophobes (O2, N2, glycérol, …). 
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Figure 1 |Device and Coulomb-blockade characteristics. a, Schematic representation of the structure containing the 2D assembly of nanoparticles
embedded in a tunnel barrier and connected to top/bottom Co electrodes. b, Electrical representation of the system used for the Coulomb-blockade
simulations. c, SET diagram showing dI/dV simulation versus island charge Q and voltage V calculated for C1 = 2,50 aF,C2 = 2,70 aF,R1 ⌧ R2 and
R1 +R2 ⇡ 15 M�. The charging energy is Ec = e2/2(C1 +C2) = 15.4 meV. The parameters of the simulation are extracted from the fit of experimental I–V
curves in d,e. The dI/dV amplitude is represented by a grey scale from white (zero) to black (450 nS). Their positions on the SET diagram are indicated by
coloured vertical lines. d,e, Experimental I–V characteristics measured at T = 1.5 K on sample S1 (Cu electrodes) and the corresponding simulations
obtained with the parameters given above. The background charges are respectively Q1 = �0.070e and Q2 = 0.320e for d and e. The dI/dV�V of the
corresponding curves are represented in the bottom insets of d,e. The experimental I–V in e is obtained after a thermal cycling of the sample. The top inset
of e shows a zoom of the experimental I–V for low voltages.

charging of C2 is present at positive bias, whereas at negative
bias, the current presents a weak slope corresponding to the
charging of C1. This is a geometric particularity of our system
where the capacitances are very close. Hence, most of the offset
charge values will lead to such an asymmetric shape in our single-
nanoparticle I–V curves.

Magnetization-driven gate-like effect
We now focus on sample S2, where the Cu electrodes are replaced
by Co. A first I–V curve and the associated fit is presented in
Fig. 2c, showing that, as for the sample with Cu leads, this curve
is well reproduced by the single-nanoparticle Coulomb-blockade
model (blue line). From this curve, we extract the capacitance
and resistance parameters that characterize sample S2. To describe
the magnetic effects, in the following we mainly discuss the
low-bias range (as shown in the inset of Fig. 1e) around the
outcome of the Coulomb-blockade regime. A saturating magnetic
field of 500Oe is applied in the plane of the ferromagnetic
electrodes and I–V characteristics are measured for two different
magnetization angles corresponding to the easy and hard axis
of the magnetic layers’ uniaxial anisotropy induced during the
sputtering deposition. The data are presented in Fig. 2a as black
circles for magnetization at 0�(easy axis) and red circles for
magnetization at 90� (hard axis). When the magnetization is

rotated from 0� to 90�, we observe an important change in
the I–V curves. This can be clearly seen in particular as the
threshold voltage for the sharp step is shifted to higher bias
by 3mV. This shift is reversible and reproducible as a function
of magnetization orientation. The curve corresponding to 0� is
well reproduced by a simulation (black line) using the above set
of parameters and Q1 = 0.341e. The striking result is that the
90�-magnetization I–V curve (see Fig. 2a) can also be simulated
well using the same set of parameters, only introducing a change
of 1Q = �0.033e (Q0

1 = Q1 + 1Q = 0.308e). This is shown in
Fig. 2b, which shows a standard SET diagram simulation of the
dI/dV versus applied voltage and offset charge. The position of
the I–V curves for 0� and 90� is given here by vertical lines.
We see on this diagram the shift of the dI/dV peaks induced
by a change in the offset charge of the nanoparticle. Hence,
by changing the magnetization orientation, one obtains a gate-
like effect on the single-electron device. This magnetization-
driven gate allows us to obtain a ferromagnetic SET relying
on only two electrodes. The amplitude of the effect would be
further enhanced by either using a ferromagnet with stronger
anisotropy effects (such as FePt) or working with nano-objects
having smaller Coulomb-blockade charging energies (such as larger
nanoparticles or carbon nanotubes). We point out here that during
the measurement, both magnetizations were constantly saturated
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Figure 1 |Device and Coulomb-blockade characteristics. a, Schematic representation of the structure containing the 2D assembly of nanoparticles
embedded in a tunnel barrier and connected to top/bottom Co electrodes. b, Electrical representation of the system used for the Coulomb-blockade
simulations. c, SET diagram showing dI/dV simulation versus island charge Q and voltage V calculated for C1 = 2,50 aF,C2 = 2,70 aF,R1 ⌧ R2 and
R1 +R2 ⇡ 15 M�. The charging energy is Ec = e2/2(C1 +C2) = 15.4 meV. The parameters of the simulation are extracted from the fit of experimental I–V
curves in d,e. The dI/dV amplitude is represented by a grey scale from white (zero) to black (450 nS). Their positions on the SET diagram are indicated by
coloured vertical lines. d,e, Experimental I–V characteristics measured at T = 1.5 K on sample S1 (Cu electrodes) and the corresponding simulations
obtained with the parameters given above. The background charges are respectively Q1 = �0.070e and Q2 = 0.320e for d and e. The dI/dV�V of the
corresponding curves are represented in the bottom insets of d,e. The experimental I–V in e is obtained after a thermal cycling of the sample. The top inset
of e shows a zoom of the experimental I–V for low voltages.

charging of C2 is present at positive bias, whereas at negative
bias, the current presents a weak slope corresponding to the
charging of C1. This is a geometric particularity of our system
where the capacitances are very close. Hence, most of the offset
charge values will lead to such an asymmetric shape in our single-
nanoparticle I–V curves.

Magnetization-driven gate-like effect
We now focus on sample S2, where the Cu electrodes are replaced
by Co. A first I–V curve and the associated fit is presented in
Fig. 2c, showing that, as for the sample with Cu leads, this curve
is well reproduced by the single-nanoparticle Coulomb-blockade
model (blue line). From this curve, we extract the capacitance
and resistance parameters that characterize sample S2. To describe
the magnetic effects, in the following we mainly discuss the
low-bias range (as shown in the inset of Fig. 1e) around the
outcome of the Coulomb-blockade regime. A saturating magnetic
field of 500Oe is applied in the plane of the ferromagnetic
electrodes and I–V characteristics are measured for two different
magnetization angles corresponding to the easy and hard axis
of the magnetic layers’ uniaxial anisotropy induced during the
sputtering deposition. The data are presented in Fig. 2a as black
circles for magnetization at 0�(easy axis) and red circles for
magnetization at 90� (hard axis). When the magnetization is

rotated from 0� to 90�, we observe an important change in
the I–V curves. This can be clearly seen in particular as the
threshold voltage for the sharp step is shifted to higher bias
by 3mV. This shift is reversible and reproducible as a function
of magnetization orientation. The curve corresponding to 0� is
well reproduced by a simulation (black line) using the above set
of parameters and Q1 = 0.341e. The striking result is that the
90�-magnetization I–V curve (see Fig. 2a) can also be simulated
well using the same set of parameters, only introducing a change
of 1Q = �0.033e (Q0

1 = Q1 + 1Q = 0.308e). This is shown in
Fig. 2b, which shows a standard SET diagram simulation of the
dI/dV versus applied voltage and offset charge. The position of
the I–V curves for 0� and 90� is given here by vertical lines.
We see on this diagram the shift of the dI/dV peaks induced
by a change in the offset charge of the nanoparticle. Hence,
by changing the magnetization orientation, one obtains a gate-
like effect on the single-electron device. This magnetization-
driven gate allows us to obtain a ferromagnetic SET relying
on only two electrodes. The amplitude of the effect would be
further enhanced by either using a ferromagnet with stronger
anisotropy effects (such as FePt) or working with nano-objects
having smaller Coulomb-blockade charging energies (such as larger
nanoparticles or carbon nanotubes). We point out here that during
the measurement, both magnetizations were constantly saturated

NATURE PHYSICS | VOL 5 | DECEMBER 2009 | www.nature.com/naturephysics 921

EC	
  

eV	
  ≥	
  EC	
  

Mécanismes	
  de	
  transport	
  de	
  charges	
  

eV	
  ≥	
  EC	
  
e-­‐	
   e-­‐	
  

e-­‐	
   e-­‐	
  

A. Bernand-Mantel, et al. Nat Phys, 2009. 

1e-­‐	
  

2e-­‐	
  

T=1.5	
  K	
  

A	
  travers	
  un	
  nano-­‐objet	
  unique:	
  

 I = 1e-, ..., ne- 	
  	
  

eV	
  <	
  EC	
  	
   Blocage de Coulomb 	
  	
   	
  	
  

eV	
  ≥	
  EC	
  	
   Transport tunnel séquentiel 	
  	
  

T << 300 K 

charges bloquées 

9	
  



NATURE PHYSICS DOI: 10.1038/NPHYS1423 ARTICLES

Resist
Au

Co

Al2O3

V

R1

R2

C1

C2

–100

V
 (

m
V

)

–50

0

50

100

–1.5 –1.0 –0.5 0
Q (e)

0.5 1.0 1.5

–100

I (
nA

)

–50 0
V (mV)

50 100 –100 –50 0
V (mV)

50 100

–6

–4

–2

0

2

4

6

I (
nA

)

–6

–4

–2

0

–0.9

0

–40 –20 0

–50 0
V (mV)

50

V (mV)
20 40

l (
nA

) 0.9

1.8

2

4

6Data
Simul.

–80 0

200dl
/d

V
 (

nS
)

dl
/d

V
 (

nS
)

400

Deriv. data
Deriv. simul.

V (mV)
80

Data
Simul.

0

200

Deriv.data
Deriv.simul.

400

a

d e

b c

Figure 1 |Device and Coulomb-blockade characteristics. a, Schematic representation of the structure containing the 2D assembly of nanoparticles
embedded in a tunnel barrier and connected to top/bottom Co electrodes. b, Electrical representation of the system used for the Coulomb-blockade
simulations. c, SET diagram showing dI/dV simulation versus island charge Q and voltage V calculated for C1 = 2,50 aF,C2 = 2,70 aF,R1 ⌧ R2 and
R1 +R2 ⇡ 15 M�. The charging energy is Ec = e2/2(C1 +C2) = 15.4 meV. The parameters of the simulation are extracted from the fit of experimental I–V
curves in d,e. The dI/dV amplitude is represented by a grey scale from white (zero) to black (450 nS). Their positions on the SET diagram are indicated by
coloured vertical lines. d,e, Experimental I–V characteristics measured at T = 1.5 K on sample S1 (Cu electrodes) and the corresponding simulations
obtained with the parameters given above. The background charges are respectively Q1 = �0.070e and Q2 = 0.320e for d and e. The dI/dV�V of the
corresponding curves are represented in the bottom insets of d,e. The experimental I–V in e is obtained after a thermal cycling of the sample. The top inset
of e shows a zoom of the experimental I–V for low voltages.

charging of C2 is present at positive bias, whereas at negative
bias, the current presents a weak slope corresponding to the
charging of C1. This is a geometric particularity of our system
where the capacitances are very close. Hence, most of the offset
charge values will lead to such an asymmetric shape in our single-
nanoparticle I–V curves.

Magnetization-driven gate-like effect
We now focus on sample S2, where the Cu electrodes are replaced
by Co. A first I–V curve and the associated fit is presented in
Fig. 2c, showing that, as for the sample with Cu leads, this curve
is well reproduced by the single-nanoparticle Coulomb-blockade
model (blue line). From this curve, we extract the capacitance
and resistance parameters that characterize sample S2. To describe
the magnetic effects, in the following we mainly discuss the
low-bias range (as shown in the inset of Fig. 1e) around the
outcome of the Coulomb-blockade regime. A saturating magnetic
field of 500Oe is applied in the plane of the ferromagnetic
electrodes and I–V characteristics are measured for two different
magnetization angles corresponding to the easy and hard axis
of the magnetic layers’ uniaxial anisotropy induced during the
sputtering deposition. The data are presented in Fig. 2a as black
circles for magnetization at 0�(easy axis) and red circles for
magnetization at 90� (hard axis). When the magnetization is

rotated from 0� to 90�, we observe an important change in
the I–V curves. This can be clearly seen in particular as the
threshold voltage for the sharp step is shifted to higher bias
by 3mV. This shift is reversible and reproducible as a function
of magnetization orientation. The curve corresponding to 0� is
well reproduced by a simulation (black line) using the above set
of parameters and Q1 = 0.341e. The striking result is that the
90�-magnetization I–V curve (see Fig. 2a) can also be simulated
well using the same set of parameters, only introducing a change
of 1Q = �0.033e (Q0

1 = Q1 + 1Q = 0.308e). This is shown in
Fig. 2b, which shows a standard SET diagram simulation of the
dI/dV versus applied voltage and offset charge. The position of
the I–V curves for 0� and 90� is given here by vertical lines.
We see on this diagram the shift of the dI/dV peaks induced
by a change in the offset charge of the nanoparticle. Hence,
by changing the magnetization orientation, one obtains a gate-
like effect on the single-electron device. This magnetization-
driven gate allows us to obtain a ferromagnetic SET relying
on only two electrodes. The amplitude of the effect would be
further enhanced by either using a ferromagnet with stronger
anisotropy effects (such as FePt) or working with nano-objects
having smaller Coulomb-blockade charging energies (such as larger
nanoparticles or carbon nanotubes). We point out here that during
the measurement, both magnetizations were constantly saturated
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low temperatures, but higher values are possible). [  14  ]  The net-
work’s conduction can be modeled as a set of charge transfer 
steps between these clusters of  Ncot   junctions. For an ideal 
system with identical tunnel resistance and charging energy for 
all nanoparticles, a model reminiscent to variable range hop-
ping, referred to as variable range cotunneling (VRC), yields a 
current ( I ) vs. voltage ( V )  relation given by: [  15  ] 

 
I ∝ Vj ct

j

h
e2 RT

j k2
B T 2 + e2V 2

j ct

E 2
C

j − 1

exp −
Ec
j − j eVj ct

kB T   
(1)

   
where  T    is the temperature,  kB   the Boltzmann’s constant, and 
 Vj ct = V/N    is the voltage drop over a single tunnel junction 
connecting two neighbor nanoparticles (with  N    being the total 
number of tunnel barriers along the array). The summation in 
 Equation 1  runs over the number of junctions,  j , involved in the 
cotunneling events. The Arrhenius exponent results from the 
electrostatic barrier  U = EC / j − j eVj ct    associated with (and 
rescaled by) the formation of an electron-hole dipole pair sepa-
rated by  j  junctions. 

 At low temperatures, when the thermal energy  kB T    becomes 
smaller than the charging energy  EC   ,  Equation 1  predicts how 
the current will evolve with voltage bias. We detail in the Sup-
porting Information how  Equation 1  can be approximated by 
the three asymptotic expressions below, categorized as cotun-
neling regimes C1, C2, and C3, for different voltage ranges 
between neighboring particles:

 C1 : I ∝ V when eVj ct kB T   (2a)   

 
C2 : I ∝V α where α = 2Nco t − 1, when kBT < eVj c t < kB T In e 2

h
RT

)(

  
(2b)

   

 
C3 I ∝ exp −

V ∗

V
when kB T In

e2

h
RT < eVj ct

  
(2c) 

   

 Interestingly, in regime C3, Efros-Shklovskii-type behavior 
is expected, with a characteristic voltage  V∗    given explicitly in 

the Supporting Information. The main focus of this paper is 
on the cotunneling regime described above. For completeness, 
however, we note that for higher voltage biases  eVj ct ≈ EC   , the 
system is in the sequential tunneling regime. [  18  ]  

 To fully characterize the cotunneling mechanisms, tempera-
ture and bias voltage are to be varied over a wide range. With 
expectations of the sample resistance exponentially increasing 
when lowering the temperature, we used a device structure with 
a large width-to-length aspect ratio ( ≈ 100), allowing only a few 
particles to span the gap between the electrodes. Thus, our sam-
ples, involving a minimum number of charge transfer steps, 
avoid percolation or distributions of cotunneling domain sizes 
which often complicate the data interpretation. We therefore 
used electron beam lithography to pattern Ti(3nm)/Au(47 nm) 
electrodes separated by a gap of 100–150 nm length and 10  µ m 
width over silicon oxide substrates. On top of these structures, 
a two-dimensional network of coated gold nanoparticles (10 nm 
in diameter, covered with octanemonothiols: “C8”) is deposited 
using a polydimethylsiloxane (PDMS) stamping method, fol-
lowing literature procedures. [  3  ,  4  ,  6  ,  19  ,  20  ]  Unlike stamping large 
arrays between widely gapped electrode pairs, [  3  ,  4  ,  6  ,  7  ,  21  ,  22  ]  the 
process of stamping between narrowly spaced electrodes proved 
quite challenging and order is only locally conserved. A typical 
sample can be seen in Figure  1 . 

 We fi rst characterized the as-prepared samples, with C8 
spacers, at room temperature. Low-temperature electrical 
measurements were then carried out using a semiconductor 
parameter analyzer suitable for low signal measurements, 
with samples inside a He-fl ow cryostat of 1.5 K base tempera-
ture.  Figure   2 A shows temperature-dependent  I−V  curves for a 
typical C8 sample. After characterization, the C8 samples were 
transferred to a glove box, where a molecular exchange proce-
dure with conjugated oligo-phenylene ethynylene-dithiol (OPE) 
molecular bridges (referred as OPE state) was performed, in 
an OPE solution in tetrahydrofuran for 24 h. This resulted in 
a decrease of the room-temperature resistance of typically two 
orders of magnitude, in agreement with previous reports. [  3  ,  22  ]  
The OPE samples were then studied as a function of tempera-
ture. We found good reproducibility after temperature sweeps 
without hysteresis, confi rming the robustness of our samples. 
We also checked that molecular exchange was reversible, by 
confi rming that the temperature-dependent transport of a C8 
back-exchanged sample was similar to the initial C8 sample. 
Finally, measurements were reproducible from sample-to-
sample, within a scaling factor related to the nanotrench fi lling 
after stamping the particles.  

 The evolution of the  I−V  curves with temperature, in the 
C8 and OPE states, is presented in Figure  2 A,B. All samples 
showed a transition from ohmic behavior at room tempera-
ture, to nonlinear behavior below a temperature in the 100 to 
200 K range. This is consistent with the charging energy of the 
nanoparticles estimated from a simple two concentric shells 
model,  EC = e2

8πε0εr

(
1
r − 1

r+d

)
  , where  ε0    is the vacuum permit-

tivity and  εr    is the relative permittivity of the molecules sur-
rounding the nanoparticles of radius  r  and separation  d . This 
gives  EC−C8 ≈ 17meV ∼ 200K    and  EC−O P E ≈ 14meV ∼ 150K   , 
respectively. The slight change of charging energy when 
exchanging the molecules, interpreted as a modifi cation of the 
medium permittivity, is consistent with our fi ndings of the C8 

     Figure  1 .     A) Electron microscope image of a 2D nanoparticle network 
sample with a zoomed inset showing the nanotrench coverage. B,C) 
Simplifi ed circuit diagrams of the nanoparticle circuit, with Au clus-
ters (grey dots), having charging energy  E C    (related to the capacitance 
C), separated by molecular spacers of resistance  RT   . The sequential tun-
neling diagram, B), shows tunneling between neighbors as the origin of 
conduction (represented by small solid arrows). The cotunneling regime 
diagram, C), illustrates how charge transfer takes place through coordi-
nated jumps (large solid arrows) involving cooperative tunneling of N cot  
electrons (small dashed arrows) through  Ncot + 1   nanoparticles.  
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low temperatures, but higher values are possible). [  14  ]  The net-
work’s conduction can be modeled as a set of charge transfer 
steps between these clusters of  Ncot   junctions. For an ideal 
system with identical tunnel resistance and charging energy for 
all nanoparticles, a model reminiscent to variable range hop-
ping, referred to as variable range cotunneling (VRC), yields a 
current ( I ) vs. voltage ( V )  relation given by: [  15  ] 
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where  T    is the temperature,  kB   the Boltzmann’s constant, and 
 Vj ct = V/N    is the voltage drop over a single tunnel junction 
connecting two neighbor nanoparticles (with  N    being the total 
number of tunnel barriers along the array). The summation in 
 Equation 1  runs over the number of junctions,  j , involved in the 
cotunneling events. The Arrhenius exponent results from the 
electrostatic barrier  U = EC / j − j eVj ct    associated with (and 
rescaled by) the formation of an electron-hole dipole pair sepa-
rated by  j  junctions. 

 At low temperatures, when the thermal energy  kB T    becomes 
smaller than the charging energy  EC   ,  Equation 1  predicts how 
the current will evolve with voltage bias. We detail in the Sup-
porting Information how  Equation 1  can be approximated by 
the three asymptotic expressions below, categorized as cotun-
neling regimes C1, C2, and C3, for different voltage ranges 
between neighboring particles:
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 Interestingly, in regime C3, Efros-Shklovskii-type behavior 
is expected, with a characteristic voltage  V∗    given explicitly in 

the Supporting Information. The main focus of this paper is 
on the cotunneling regime described above. For completeness, 
however, we note that for higher voltage biases  eVj ct ≈ EC   , the 
system is in the sequential tunneling regime. [  18  ]  

 To fully characterize the cotunneling mechanisms, tempera-
ture and bias voltage are to be varied over a wide range. With 
expectations of the sample resistance exponentially increasing 
when lowering the temperature, we used a device structure with 
a large width-to-length aspect ratio ( ≈ 100), allowing only a few 
particles to span the gap between the electrodes. Thus, our sam-
ples, involving a minimum number of charge transfer steps, 
avoid percolation or distributions of cotunneling domain sizes 
which often complicate the data interpretation. We therefore 
used electron beam lithography to pattern Ti(3nm)/Au(47 nm) 
electrodes separated by a gap of 100–150 nm length and 10  µ m 
width over silicon oxide substrates. On top of these structures, 
a two-dimensional network of coated gold nanoparticles (10 nm 
in diameter, covered with octanemonothiols: “C8”) is deposited 
using a polydimethylsiloxane (PDMS) stamping method, fol-
lowing literature procedures. [  3  ,  4  ,  6  ,  19  ,  20  ]  Unlike stamping large 
arrays between widely gapped electrode pairs, [  3  ,  4  ,  6  ,  7  ,  21  ,  22  ]  the 
process of stamping between narrowly spaced electrodes proved 
quite challenging and order is only locally conserved. A typical 
sample can be seen in Figure  1 . 

 We fi rst characterized the as-prepared samples, with C8 
spacers, at room temperature. Low-temperature electrical 
measurements were then carried out using a semiconductor 
parameter analyzer suitable for low signal measurements, 
with samples inside a He-fl ow cryostat of 1.5 K base tempera-
ture.  Figure   2 A shows temperature-dependent  I−V  curves for a 
typical C8 sample. After characterization, the C8 samples were 
transferred to a glove box, where a molecular exchange proce-
dure with conjugated oligo-phenylene ethynylene-dithiol (OPE) 
molecular bridges (referred as OPE state) was performed, in 
an OPE solution in tetrahydrofuran for 24 h. This resulted in 
a decrease of the room-temperature resistance of typically two 
orders of magnitude, in agreement with previous reports. [  3  ,  22  ]  
The OPE samples were then studied as a function of tempera-
ture. We found good reproducibility after temperature sweeps 
without hysteresis, confi rming the robustness of our samples. 
We also checked that molecular exchange was reversible, by 
confi rming that the temperature-dependent transport of a C8 
back-exchanged sample was similar to the initial C8 sample. 
Finally, measurements were reproducible from sample-to-
sample, within a scaling factor related to the nanotrench fi lling 
after stamping the particles.  

 The evolution of the  I−V  curves with temperature, in the 
C8 and OPE states, is presented in Figure  2 A,B. All samples 
showed a transition from ohmic behavior at room tempera-
ture, to nonlinear behavior below a temperature in the 100 to 
200 K range. This is consistent with the charging energy of the 
nanoparticles estimated from a simple two concentric shells 
model,  EC = e2

8πε0εr

(
1
r − 1

r+d

)
  , where  ε0    is the vacuum permit-

tivity and  εr    is the relative permittivity of the molecules sur-
rounding the nanoparticles of radius  r  and separation  d . This 
gives  EC−C8 ≈ 17meV ∼ 200K    and  EC−O P E ≈ 14meV ∼ 150K   , 
respectively. The slight change of charging energy when 
exchanging the molecules, interpreted as a modifi cation of the 
medium permittivity, is consistent with our fi ndings of the C8 

     Figure  1 .     A) Electron microscope image of a 2D nanoparticle network 
sample with a zoomed inset showing the nanotrench coverage. B,C) 
Simplifi ed circuit diagrams of the nanoparticle circuit, with Au clus-
ters (grey dots), having charging energy  E C    (related to the capacitance 
C), separated by molecular spacers of resistance  RT   . The sequential tun-
neling diagram, B), shows tunneling between neighbors as the origin of 
conduction (represented by small solid arrows). The cotunneling regime 
diagram, C), illustrates how charge transfer takes place through coordi-
nated jumps (large solid arrows) involving cooperative tunneling of N cot  
electrons (small dashed arrows) through  Ncot + 1   nanoparticles.  

C

RT

C

RT
100 nm

A B

C
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3.3. Magnetoresistance 

Fig. 5 shows the electrical resistivity ( p )  versus applied 
magnetic field ( H )  for the Co52A120028 film at room 
temperature. A large MR of 7.8% is seen, which is the 
largest value ever reported for insulating granular systems. 
It should be noted that this GMR accompanies a very high 
resistivity of the order of 105 Ix~ cm. The similar GMRs 
have been observed in other films [5]. We have confirmed 
that the magnetization (M)  versus magnetic field curves of 
the Co-A1-O films are well fitted by the Langevin func- 
tion, implying that these films are superparamagnetic [28]. 
In Fig. 5, the magnetization curve for the Co52A12oO28 
film is shown. 

Comparing the p versus H curve and the M versus H 
curve, the relation of A p / p 0  <x - ( M / M s )  2 can be ob- 
tained as shown in Fig. 5, where M s is the value of M at 
H = 5 0 k O e ,  A p = p ( H ) - P o  and Po is p at H = 0 O e .  
The same relation of A p / p o  ct - ( M / M s )  2 was found in 
metallic granular GMR alloys [29,30]. In the following, let 
us consider the physical meanings of this relation in the 
case of insulating granular systems. We consider that it is a 
reasonable assumption that the insulating granular struc- 
ture shown in Fig. 1 is equivalent to an assembly of 
nano-sized sandwich-type tunnel junctions connected net- 
work-likely. In a sandwich-type tunnel junction, the change 
in p by H is due to spin-dependent tunneling and is 
approximately expressed by the relative angle (012) be- 
tween the magnetization vectors on both the layers as 

( P - Ps) ct (1 - cos 012 ) ,  (4) 

where 012 is a function of H and Ps is p at 012=0  
[14,15]. In the case of an assembly of nano-sized sand- 
wich-type tunnel junctions, we can carded out a similar 
calculation by accounting for all combinations of local 
tunneling resistivities. The calculation gives rise to 

( P - Ps) ~ ((1 -- COS Oij)>ij 
= < ( 1 -  cos( o, - oj ) > 

= 1 - -  <COS Oi >2 = 1 - ( M / M ~ )  2, ( 5 )  

where Ps is p in the nearly parallel alignment of magneti- 
zations for magnetic granules, Oij the relative angle be- 
tween magnetization vectors for the near neighbor ith and 
j th magnetic granules, and 0 i and 0j the direction of 
magnetization vectors for the ith and j th magnetic gran- 
ules. M the magnetization varied as a function of H, M s 
the value of M in parallel alignment. The average of ( )ij 
is done for all the near neighbor i - j  pairs. The average of 
( ) i  is done for all the granules. Eq. (5) implies that the 
change in p by H takes place through the alignment of the 
magnetizations of granules, which is proportional to the 
square of averaged magnetization. The experimental rela- 
tion of A p / p o  ~ - ( M / M s )  2 found in Fig. 5 is in good 
agreement with Eq. (5). It is, therefore, evident that the 

x l 0  a 
3.0 

2.8 
E 
0 

= L  

Q .  
2.6 

2.4 

500 

~-500 

I 
-15 

J , , 

Co52AlaoO2s 
4.2K 

O :  P 
• :-(M/Ms) 2 

2 J  
"~ I I 

, i , i 

I I I i 

f 

I 
-10 -=5 

H (kOe) 

0.0 

-0.5 
I 

-1.0 

Fig. 6. The magnetoresistance and magnetization measured at 4.2 
K for a Co52A12oO28 film. The plots are in the same manner as 
those shown in Fig. 5. 

origin of the GMR for C o - A I - O  granular films is the 
spin-dependent tunneling in the insulating superparamag- 
netic state. 

Fig. 6 shows the A p / p o  versus H and M versus H 
curves at 4.2 K for the C%2A12oO2s film. It is seen that 
the A p /po  value becomes larger at 4.2 K than at room 
temperature, although the coercivity and hysteresis appear. 
The field dependence of A P/Po can also be fitted by Eq. 
(5). Fig. 7 shows the temperature dependence of A P/Po. 
The values of A P/Po at room temperature and 77 K are 
nearly equal to each other, while it increases at 4.2 K. 
Theoretical arguments about the temperature dependence 
of MR for the insulating granular system were done by 
Helman et al. [18] and Inoue et al. [19]. Helman et al. 
calculated the MR on the basis of the model introduced by 
Sheng et al. for the calculation of electrical resistivity (Eq. 
(1)), by taking into account the spin polarization ( P )  of 
tunneling electrons and the exchange interaction ( J )  be- 
tween tunneling electrons and spin-polarized electrons of 
magnetic granules. The Ap /po  thus obtained is expressed 
a s  

A P/Po = - ( J P / k B T ) ( M / M s ) 2 ,  (6) 

where M and M s are the same magnetization as defined in 
Eq. (5). As seen in Eq. (6), A p / p o  is proportional to T-1. 
On the other hand, Inoue et al. considered that the effect of 
the exchange interaction J could be negligibly small, that 

µ0	
  Hsat	
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semiconductor-type conductance in crystalline semicon- 
ductors, respectively. If there can be found a linear relation 
in these plots, we may get a possible mechanism for 
explaining the temperature dependence of p. The plots 
carried out for the Co52A12oO28 film are shown in Fig. 4. 
It can be seen that the plot of log p versus T-1/2 for 
tunneling conductance in insulating granular system is in a 
good linear relation. 

The relation of log p versus T -~/2 was first derived 
by Sheng et al. by taking into account the tunneling and 
thermal generation process for electrical conductance in 
the insulating granular system [24,25]. The essential point 
of the mechanism is explained as follows: in the insulating 
granular system, conduction electrons can flow weakly by 
tunneling between metallic granules. This tunnel conduc- 
tance is proportional to exp{-2(27r/h)(2mdp)l/2s}, where 
h is the Planck constant, m the effective electron mass, q~ 
the effective barrier height, and s the barrier width. This is 
the same formula for a conventional sandwich-type tunnel 
junction and thus the tunnel conductance is temperature 
independent. However, in the case of the insulating granu- 
lar system, we must take into account the breakdown of 
charge neutrality in the metallic granules associated with 
tunneling. The reason is that because the size of metallic 
granules is as small as 20-40 ,~, the tunneling of electrons 
from granule to granule leads to breakdown of the charge 
neutrality of the metallic granules which have experienced 
the tunneling, resulting in an increase in the Coulomb 
energies of the granules. Sheng et al. considered a model 
such that the electrons activated by this increase in the 
Coulomb energies can be thermally generated so as to 
tunnel. The probability associated with this process is 
proportional to exp{Ec/2kBT},  where E c is the Coulomb 
energy increased by a tunneling in a granule, k B the 
Boltzmann constant, T the absolute temperature. This ef- 
fect is characteristic in the insulating granular system and 
gives rise to an anomalous temperature dependence of p. 
Sheng et al. calculated the electrical resistivity by taking 
into account these two probabilities and obtained the final 
formula as 

P = Po e x p { 2 ( C / k B )  ' / 2T-  , /2},  (1) 

where C=(2~r/h)(2mqb)l /2sEc which was named the 
tunnel activation energy. Eq. (1) can be transformed to 

log p = 2 ( C / k B ) I / Z T  - 1/2 ..}_ const. (2)  

The linear relation found experimentally in Fig. 4 agrees 
with Eq. 2. From the gradient of the log p versus T -  1/2 
shown in Fig. 4, C is estimated to be 0.007 eV for the 
Co52A120028 film by using Eq. (2). 

On the other hand, we have estimated the value of C 
from the following structural consideration. Let us assume 
that (i) the granular structure of Co52 A120028 film consists 
of spherical Co granules separated completely by 
network-like AI20 3 narrow boundaries, and (ii) the diame- 

ter of Co granules and the thickness of A120 3 narrow 
boundaries are distributed with the average sizes of ( d )  
and ( s ) ,  respectively. Thus the increase in the Coulomb 
energy defined above is expressed by 

E c = ( e 2 / E ( d ) ) { 2 / ( 1  + ( d ) / 2 ( s ) ) } ,  ( 3 )  

where e is the electron charge and E the dielectric con- 
stant of A120 3 [25]. From Eq. 3, the value of C can be 
estimated by using C = (2zr/h)(2mqb)l/ZsEc. For the esti- 
mation, we have used the following values: m = free 
electron mass, ~b = 1 eV for A120 3 [26,27], ~ = 9% as- 
sumed for A120 3 (% is the dielectric constant of vacuum), 
( d )  = 30 ~k and ( s )  = 5 ,~ (see Fig. 2a). Finally we have 
obtained that C is about 1 eV. 

The value of C has now been estimated to be 0.007 eV 
from the temperature dependence of p and to be 1 eV 
from the structural consideration. There is a big difference 
between both the cases. This discrepancy suggests that the 
spherical approximation considered above is not an appro- 
priate model for describing the structure of  the 
Co52A120028 film shown in Fig. 2a. Probably, the granu- 
lar structure is more complex and contains thinner parts of 
A120 3 boundaries; much thinner A120 3 boundaries than 5 
A is needed to obtain a C value close to 0.007 eV. 
Furthermore, the assumption that qb = 1 eV for the bound- 
aries of A120 3 seems to be not appropriate. It may be 
considered that some structural defects or stresses of A120 3 
or some impurities can reduce ~b value. 
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Fig. 5. Specific electrical resistivity (p) as a function of applied 
magnetic field (H), i.e. the magnetoresistance Ap/Po  (the upper 
figure, open circles) and magnetization (M) versus H (the bottom 
figure) at room temperature for a Co52 A120028 film. The relation 
of p versus - ( M / M ~ )  2 normalized at H = 0  is also shown 
(upper figure, closed circles). 
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84 Chapitre 4 Variation de capacité de jonctions tunnel à base d'agrégats 

 

 

 

 

 

 

 

figure 4.23 : Coupe transverse d'un échantillon de structure équivalente à celle de la jonction 

4. 

L'augmentation de capacité observée au début de la zone 2 de la figure 4.20 provient de la 

charge des gros agrégats par le premier électron. En effet, ces gros agrégats ont la tension 

seuil la plus faible. Ensuite, au fur et à mesure que la tension augmente, des agrégats de plus 

en plus petits vont se charger d'un électron, permettant à la capacité de continuer à augmenter. 

Plus ces agrégats sont nombreux plus l'augmentation est importante, puisque la variation de 

capacité dépend de la variation de charge dans la jonction et donc du nombre d'agrégats qui se 

débloquent. Ainsi, on peut s'attendre à une diminution de capacité lorsque le nombre 

d'agrégats se débloquant diminue, c'est-à-dire au-dessus de 200 mV, tension seuil 

correspondant à la taille moyenne des agrégats. 

Cependant, l'augmentation se poursuit jusqu'à 920 mV. Comme le montre la figure 4.22a, 

200 mV correspond à la tension seuil des plus gros agrégats pour le second électron. En 

d'autres termes, plusieurs contributions électroniques sont à l'origine de la croissance de 

capacité observée dans la zone 2. Au paragraphe 3.3.3, nous avons montré grâce à des 

simulations numériques que la largeur de la variation de capacité d'un échantillon dépend du 

nombre de contributions. 

Dans la dernière partie de la figure 4.20, la capacité de la jonction diminue. D'après les 

courbes de la figure 4.22b, à 920 mV il ne reste qu'une très faible proportion d'agrégats qui n'a 

pas été chargée par le premier électron. Ainsi, l'augmentation de capacité due au premier 

électron est quasiment nulle au-dessus de 920 mV. 

A 920 mV, les agrégats de diamètre supérieur à 2,7 nm ont fini d'être chargés par le 

deuxième électron. Autrement dit, les agrégats qui admettent un second électron sont de 

moins en moins nombreux au-dessus de 920 mV. 
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Here we study two prototypical cases of molecular 

spin-valves, namely those obtained by sandwiching either 8-

alkane-dithiolate (octane-dithiolate) or 1,4-3-phenyl-dithiolate 

(1,4-tricene-dithiolate) molecules between nickel contacts. The 

density of states and the charge-density isosurfaces of the highest 

occupied and lowest unoccupied molecular orbital (HOMO and 

LUMO) states for the isolated molecules are presented in Figs 1 

and 2. These have been obtained with standard density functional 

theory (DFT) in the local spin-density approximation (LSDA)
11 . 

Besides their different HOMO–LUMO gaps, which are about 5 eV 

in octane and about 2.5 eV in tricene, the HOMO and LUMO states 

possess distinct characteristics. In octane, the charge density of both 

the HOMO and the LUMO states has a predominant amplitude 

around the sulphur atoms of the thiol group, with little density on 

the central carbon backbone. In contrast the HOMO and LUMO 

states of tricene are delocalized throughout the whole molecule 

with charge density concentrated both on the end-groups and on 

the central phenyl groups. We therefore expect octane and tricene to 

form respectively tunnelling and metallic-like spin-valves.

We model a spin-valve by sandwiching the molecule between 

two semi-infi nite nickel contacts, whose magnetization vectors 

are either parallel (P) or antiparallel (AP) to each other. The two 

magnetic contacts are also used as current and voltage probes. 

Here we consider Ni (001) surfaces terminated with a pyramid of 

nickel atoms. The molecules are then attached to the hollow site of 

the nickel surface by the thiolate group. Although a multitude of 

other anchoring situations may be present in actual samples, this 
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Figure 1. Structural and electronic properties of a Ni(001)/octane/Ni(001) 

spin-valve. a, Schematic structure of the octane molecule attached to (001) Ni 

surfaces. b, Density of states and charge-density isosurface plots for the relevant 

molecular states of the isolated octane–dithiol molecule. The highest ‘circled’ state 

is the LUMO for such an isolated molecule. Because isolated levels correspond to 

delta functions in the DOS, for display purposes and to aid comparison with Figs 

3–5 we have artifi cially broadened the DOS by 0.1 eV.
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Figure 2 Structural and electronic properties of a Ni(001)/tricene/Ni(001) 

spin-valve. a, Schematic structure of the tricene molecule attached to (001) Ni 

surfaces. b, Density of states and charge-density isosurface plots for the relevant 

molecular states of the isolated tricene–dithiol molecule. The highest ‘circled’ 

state is the LUMO for such an isolated molecule. As in Fig. 1, we have artifi cially 

broadened the DOS by 0.1 eV.
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seems to be the most stable for the thiolate group on (001) Ni (ref. 
12). We always relax the atomic coordinates of the anchor by DFT 
conjugate gradient molecular dynamics11 with a tolerance on the 
forces of 0.01 eV Å–1.

The current–voltage (I–V) characteristics of the spin-valves 
are calculated with a combination of DFT and a non-equilibrium 
Green’s function (NEGF) method13–15, using a local approximation 
to the exchange correlation potential (either the LSDA or the 
generalized gradient approximation GGA). For DFT, we used the 
pseudopotential localized atomic orbital code SIESTA11, integrated 
into our NEGF code16,17 to yield the versatile ab initio transport 
code SMEAGOL. For details, see Methods; here we just wish to 
point out that SMEAGOL has been specifi cally designed for spin-
polarized calculations.

In Figs 3 and 4 we present the I–V characteristics and 
the zero-bias transmission coeffi cients in the parallel and 
antiparallel confi gurations, respectively, for the octane and the 
tricene molecules. In the inset of the I–V curves, we show the 
corresponding bias-dependent magnetoresistance ratio RMR 
which is defi ned as RMR = (IP – IAP)/IAP, with IP (IAP) the current in 
the parallel (antiparallel) state. At zero bias, where all the currents 
vanish, RMR is calculated using the zero-bias conductances.

From the fi gures it is clear that both the molecules can form 
spin-valves with a large magnetoresistance, reaching 600% in the 
case of tricene. This is a remarkable result in itself, as it demonstrates 
the viability of the molecular approach to spintronics.

At a more detailed level, it is clear that the two molecules possess 
rather different characteristics. In the case of octane, the resistance 
is of the order of 10 MΩ with a current of about 150 nA at 1 V. 
This is in the same range as in recent experiments on octane-based 
nickel spin-valves6, although a direct comparison is diffi cult because 
the precise number of molecules bridging the two electrodes is 
unknown. However, the good agreement in terms of resistance gives 
us confi dence in the ability of our method to describe these devices. 
The largest contribution to the current comes from a sharp resonance 
of the transmission coeffi cient at the Fermi level (see Fig. 3). This is 
mainly given by minority electrons and it is strongly suppressed in 

the antiparallel case. Because in the antiparallel confi guration the 
transmission coeffi cient is essentially zero at any energy around 
the Fermi energy EF, we can conclude that the suppression of the 
aforementioned peak is the main reason for the magnetoresistance.

A closer look at the orbital-resolved density of states of the 
conduction peak at EF reveals that this is mainly due to Ni d and 
S p orbitals. Furthermore, isosurface plots of the local density of 
states at the Fermi level show that the charge density is concentrated 
around the sulphur atoms and little density spreads over the carbon 
molecular backbone. The plots appear similar to those corresponding 
to the octane HOMO and LUMO states of Fig. 1, although a 
precise identifi cation is diffi cult. This suggests that the transport 
is tunnelling-like through a Ni d–S p surface state. To sustain this 
hypothesis we have calculated the transmission coeffi cient T at zero 
bias for various n-alkane molecules as a function of the number of 
carbon atoms n (n = 4, 6, 8 and 10). This reveals an exponential decay 
T ∝ exp(–βn) with exponent β ≈ 0.88, which clearly demonstrates 
that we are in a tunnelling regime. It is interesting to note that 
such an exponent is similar to that found for the same molecules 
attached to gold (111) surfaces18. In addition we observe that the S 
atoms anchoring the octane molecule possess an induced magnetic 
moment of 0.07μB oriented in the same direction as the nickel 
magnetization. The presence of charge density at the sulphur atoms 
is also a feature found for 8-alkane-dithiolate on (111) gold surfaces, 
and is related to the fact that the Fermi level lies in the molecular 
HOMO–LUMO gap18.

The resulting tunnelling magnetoresistance is bias-dependent 
and varies between 40% and 100%. These values are larger than 
those found in actual devices6, where spin-fl ip and electron–
phonon scattering, misalignment of the magnetization of the 
contacts and current shortcut through highly conductive pinholes 
can greatly reduce RMR. For this reason our results should be 
taken as an upper bound for the achievable magnetoresistance in 
octane-based tunnelling junctions. Finally, some variations in the 
magnetoresistance ratio are expected when considering different 
crystalline orientations of the leads, because the bonding properties 
between the leads and the molecule may change.
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Figure 3 Magneto-transport properties of a Ni(001)/octane/Ni(001) spin-valve. 
a, Current–voltage (I–V ) characteristic, and zero-bias transmission coeffi cients 
(T (E )) for the b, parallel and c, antiparallel confi guration of an octane-based nickel 
spin-valve. In the antiparallel case the transmission coeffi cient is identical for both 
the spin directions. In the inset we show the corresponding magnetoresistance 
ratio. EF is the position of the Fermi level of the nickel leads.
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Figure 4 Magneto-transport properties of a Ni(001)/tricene/Ni(001) spin-valve. 
a, I–V characteristic, and zero-bias transmission coeffi cients (T(E )) for the 
b, parallel and c, antiparallel confi guration of a tricene-based nickel spin-valve. 
In the antiparallel case the transmission coeffi cient is identical for both the spin 
directions. In the inset we show the corresponding magnetoresistance ratio. EF is 
the position of the Fermi level of the nickel leads.
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seems to be the most stable for the thiolate group on (001) Ni (ref. 
12). We always relax the atomic coordinates of the anchor by DFT 
conjugate gradient molecular dynamics11 with a tolerance on the 
forces of 0.01 eV Å–1.

The current–voltage (I–V) characteristics of the spin-valves 
are calculated with a combination of DFT and a non-equilibrium 
Green’s function (NEGF) method13–15, using a local approximation 
to the exchange correlation potential (either the LSDA or the 
generalized gradient approximation GGA). For DFT, we used the 
pseudopotential localized atomic orbital code SIESTA11, integrated 
into our NEGF code16,17 to yield the versatile ab initio transport 
code SMEAGOL. For details, see Methods; here we just wish to 
point out that SMEAGOL has been specifi cally designed for spin-
polarized calculations.

In Figs 3 and 4 we present the I–V characteristics and 
the zero-bias transmission coeffi cients in the parallel and 
antiparallel confi gurations, respectively, for the octane and the 
tricene molecules. In the inset of the I–V curves, we show the 
corresponding bias-dependent magnetoresistance ratio RMR 
which is defi ned as RMR = (IP – IAP)/IAP, with IP (IAP) the current in 
the parallel (antiparallel) state. At zero bias, where all the currents 
vanish, RMR is calculated using the zero-bias conductances.

From the fi gures it is clear that both the molecules can form 
spin-valves with a large magnetoresistance, reaching 600% in the 
case of tricene. This is a remarkable result in itself, as it demonstrates 
the viability of the molecular approach to spintronics.

At a more detailed level, it is clear that the two molecules possess 
rather different characteristics. In the case of octane, the resistance 
is of the order of 10 MΩ with a current of about 150 nA at 1 V. 
This is in the same range as in recent experiments on octane-based 
nickel spin-valves6, although a direct comparison is diffi cult because 
the precise number of molecules bridging the two electrodes is 
unknown. However, the good agreement in terms of resistance gives 
us confi dence in the ability of our method to describe these devices. 
The largest contribution to the current comes from a sharp resonance 
of the transmission coeffi cient at the Fermi level (see Fig. 3). This is 
mainly given by minority electrons and it is strongly suppressed in 

the antiparallel case. Because in the antiparallel confi guration the 
transmission coeffi cient is essentially zero at any energy around 
the Fermi energy EF, we can conclude that the suppression of the 
aforementioned peak is the main reason for the magnetoresistance.

A closer look at the orbital-resolved density of states of the 
conduction peak at EF reveals that this is mainly due to Ni d and 
S p orbitals. Furthermore, isosurface plots of the local density of 
states at the Fermi level show that the charge density is concentrated 
around the sulphur atoms and little density spreads over the carbon 
molecular backbone. The plots appear similar to those corresponding 
to the octane HOMO and LUMO states of Fig. 1, although a 
precise identifi cation is diffi cult. This suggests that the transport 
is tunnelling-like through a Ni d–S p surface state. To sustain this 
hypothesis we have calculated the transmission coeffi cient T at zero 
bias for various n-alkane molecules as a function of the number of 
carbon atoms n (n = 4, 6, 8 and 10). This reveals an exponential decay 
T ∝ exp(–βn) with exponent β ≈ 0.88, which clearly demonstrates 
that we are in a tunnelling regime. It is interesting to note that 
such an exponent is similar to that found for the same molecules 
attached to gold (111) surfaces18. In addition we observe that the S 
atoms anchoring the octane molecule possess an induced magnetic 
moment of 0.07μB oriented in the same direction as the nickel 
magnetization. The presence of charge density at the sulphur atoms 
is also a feature found for 8-alkane-dithiolate on (111) gold surfaces, 
and is related to the fact that the Fermi level lies in the molecular 
HOMO–LUMO gap18.

The resulting tunnelling magnetoresistance is bias-dependent 
and varies between 40% and 100%. These values are larger than 
those found in actual devices6, where spin-fl ip and electron–
phonon scattering, misalignment of the magnetization of the 
contacts and current shortcut through highly conductive pinholes 
can greatly reduce RMR. For this reason our results should be 
taken as an upper bound for the achievable magnetoresistance in 
octane-based tunnelling junctions. Finally, some variations in the 
magnetoresistance ratio are expected when considering different 
crystalline orientations of the leads, because the bonding properties 
between the leads and the molecule may change.
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Figure 3 Magneto-transport properties of a Ni(001)/octane/Ni(001) spin-valve. 
a, Current–voltage (I–V ) characteristic, and zero-bias transmission coeffi cients 
(T (E )) for the b, parallel and c, antiparallel confi guration of an octane-based nickel 
spin-valve. In the antiparallel case the transmission coeffi cient is identical for both 
the spin directions. In the inset we show the corresponding magnetoresistance 
ratio. EF is the position of the Fermi level of the nickel leads.
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Figure 4 Magneto-transport properties of a Ni(001)/tricene/Ni(001) spin-valve. 
a, I–V characteristic, and zero-bias transmission coeffi cients (T(E )) for the 
b, parallel and c, antiparallel confi guration of a tricene-based nickel spin-valve. 
In the antiparallel case the transmission coeffi cient is identical for both the spin 
directions. In the inset we show the corresponding magnetoresistance ratio. EF is 
the position of the Fermi level of the nickel leads.
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Here we study two prototypical cases of molecular 
spin-valves, namely those obtained by sandwiching either 8-
alkane-dithiolate (octane-dithiolate) or 1,4-3-phenyl-dithiolate 
(1,4-tricene-dithiolate) molecules between nickel contacts. The 
density of states and the charge-density isosurfaces of the highest 
occupied and lowest unoccupied molecular orbital (HOMO and 
LUMO) states for the isolated molecules are presented in Figs 1 
and 2. These have been obtained with standard density functional 
theory (DFT) in the local spin-density approximation (LSDA)11. 
Besides their different HOMO–LUMO gaps, which are about 5 eV 
in octane and about 2.5 eV in tricene, the HOMO and LUMO states 
possess distinct characteristics. In octane, the charge density of both 

the HOMO and the LUMO states has a predominant amplitude 
around the sulphur atoms of the thiol group, with little density on 
the central carbon backbone. In contrast the HOMO and LUMO 
states of tricene are delocalized throughout the whole molecule 
with charge density concentrated both on the end-groups and on 
the central phenyl groups. We therefore expect octane and tricene to 
form respectively tunnelling and metallic-like spin-valves.

We model a spin-valve by sandwiching the molecule between 
two semi-infi nite nickel contacts, whose magnetization vectors 
are either parallel (P) or antiparallel (AP) to each other. The two 
magnetic contacts are also used as current and voltage probes. 
Here we consider Ni (001) surfaces terminated with a pyramid of 
nickel atoms. The molecules are then attached to the hollow site of 
the nickel surface by the thiolate group. Although a multitude of 
other anchoring situations may be present in actual samples, this 
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Figure 1. Structural and electronic properties of a Ni(001)/octane/Ni(001) 
spin-valve. a, Schematic structure of the octane molecule attached to (001) Ni 
surfaces. b, Density of states and charge-density isosurface plots for the relevant 
molecular states of the isolated octane–dithiol molecule. The highest ‘circled’ state 
is the LUMO for such an isolated molecule. Because isolated levels correspond to 
delta functions in the DOS, for display purposes and to aid comparison with Figs 
3–5 we have artifi cially broadened the DOS by 0.1 eV.
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Figure 2 Structural and electronic properties of a Ni(001)/tricene/Ni(001) 
spin-valve. a, Schematic structure of the tricene molecule attached to (001) Ni 
surfaces. b, Density of states and charge-density isosurface plots for the relevant 
molecular states of the isolated tricene–dithiol molecule. The highest ‘circled’ 
state is the LUMO for such an isolated molecule. As in Fig. 1, we have artifi cially 
broadened the DOS by 0.1 eV.
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constant of the tunnel barriers (!2) (16).
Each nanocrystal in the array has on average
nine nearest neighbors (nn) (17), so Cnn "
9.0 aF, and EU # e2/2Cnn!9 meV, in rea-
sonable agreement with the value of U ex-
tracted from the data.

The voltage dependence of current (for
V $ VT) depends on the number of accessible
current paths through the superlattice. Theory
predicts the current through a uniform array
of islands to follow (11)

I % ! V
VT

! 1" &

(2)

(for V $ VT), where & is a scaling exponent
that depends on array dimensionality. If only
one preferred path (or a small number of
paths) carries a majority of the current, then
& # 1 as the device is essentially one-dimen-
sional. A 2D array (where all paths through a
single-nanocrystal monolayer contribute) has
a stronger voltage dependence. Analytical ar-
guments predict & " 5/3, although numerical
simulations of finite-size 2D arrays give & !
2 (11). Experimentally, 2D arrays of litho-
graphically patterned tunnel junctions have
shown 1.6 ' & '2.1 ((&/& ! 12%) (5).
Although there are no theoretical predictions
for & in a 3D array, the scaling exponent no
doubt increases for greater numbers of cur-
rent-carrying paths. Measurements of granu-
lar thin-film materials have shown current
scaling above VT, with & ranging from !2 to
3.5, depending on film thickness (18).

In our nanocrystal devices we measure
2.2 ' & '2.7 ((&/& ! 9%), implying an array
dimensionality slightly higher than 2D and
consistent with our experimental geometry.
Thus, the scaling exponent confirms that all
paths through the superlattice can contribute
to device conductance. A plot of I versus
(V/VT – 1) (Fig. 2B) shows that for V $ VT,
the current follows a power-law dependence
for over three orders of magnitude. The vari-
ation in & from device to device (!9%) is
comparable to that measured for lithographi-
cally patterned arrays ( junction areas ! 100
nm by 100 nm).

Magnetization (m ) versus applied field
(H ) measurements of a Co-nanocrystal su-
perlattice (Fig. 3A) show a clear magnetic
hysteresis at T " 5 K, meaning that the
Co-nanocrystals are ferromagnetic. The coer-
cive field (Hc) for the assembly is !0.05 T.
The magnetic hysteresis vanishes at a block-
ing temperature Tb # 80 K.

The direct current (dc) magnetoresistance
changes by (R/Rmax # 8% (at T " 2 K)
between H " 0 and 0.4 T (Fig. 3B). In all our
devices, we find magnetoresistance ratios be-
tween 5 and 12%. We bias the device with a
dc voltage (0.4 V for the data in Fig. 3B) to
overcome the Coulomb blockade of current,
and we apply H in the plane of the Co-
nanocrystal superlattice. The device resis-

tance increases as H is lowered from satura-
tion through !0.1 T and nanocrystal magnet-
ic moments begin to randomize. After H
passes through zero, the resistance reaches a
maximum near Hc, when nanocrystal mo-
ments are maximally antialigned. For fields
beyond Hc, the resistance again decreases to
the initial value. The magnetoresistance is
hysteretic at this temperature, and reflects the
nanocrystal ferromagnetism. Some fine struc-
ture in the magnetoresistance is reproducible
(small peaks near )0.075 T repeat in both
directions and are noted on the graph in Fig.
3B). Because current paths contain only !10
nanocrystals, the conductivity is sensitive to
realignment of single nanocrystal moments.
Detailed studies of fine structure in the mag-
netoresistance will provide information about
the magnetization reversal process in the
nanocrystal superlattice.

We quantitatively understand the magni-
tude of the device magnetoresistance (5 to
12%) by noting that the tunneling rate, *,
between two nanocrystals with magnetic mo-
ments is (19)

* " G0+1 # P2 cos ,) (3)

where P is the conduction-electron polariza-
tion of the material, , is the relative angle
between the two moments, and G0 is the
spin-independent tunneling rate. For nano-
crystal moments oriented along the same
axis, , " 0 and - for parallel and antiparallel
orientations, respectively. The difference in
resistance between parallel (, " 0) and anti-
parallel (, " -) configurations is

(R
Rmax

"
(R,"- ! R,"0)

R,"-
"

+*,"0 ! *,"-.

*,"0

"
2P2

1 # P2 (4)

For nanocrystal magnetic moments with no pre-
ferred orientation, the relative angle between
moments takes a random value between 0 and
-. The maximum (R/Rmax is then given by
(R/Rmax " P2/(1 / P2) (19), which is 50% of
the fully oriented value (Eq. 4). Using the bulk

value for the conduction electron polarization in
Co [P " 0.34 (20)], we calculate (R/Rmax "
10.3% for our experiment, which agrees well
with the measured values. This (R/Rmax sets a
lower bound for the achievable magnetoresis-
tance ratio in a nanocrystal superlattice device.
Nanocrystal superlattices in which magnetic
moments are preferentially aligned would have
magnetoresistance ratios, which approach the
fully oriented value given by Eq. 4.

There have been several reports of en-
hancements to (R/Rmax for granular thin
films at low temperature (13, 21–24). The
proposed mechanism for this enhancement
involves higher order co-tunneling processes,
which transfer electrons across several junc-
tions simultaneously (25). Because our devic-
es show a complete Coulomb blockade and a
distinct VT for current turn-on (below which
only co-tunneling is possible), we can exper-
imentally verify that current contributions
from co-tunneling are extremely small ('100
fA). Co-tunneling rates ( *Q) are sharply sup-
pressed by increasing numbers of junctions
(n) in the array [*Q ! (G0)0n], so that in our
devices (n ! 10) the likelihood of an electron
traversing the array solely via cotunneling is
exceedingly small. The lack of appreciable co-
tunneling is consistent with measured (R/Rmax

values, whose magnitudes are explained in
terms of sequential tunneling (Eq. 4).

With increasing temperature above 2 K,
(R/Rmax decreases rapidly (Fig. 4). When the
temperature reaches 20 K, (R/Rmax is less
than 10% of its maximum value. We expect
minimal reduction in the Co-nanocrystal
magnetic moments at this temperature be-
cause magnetization measurements of similar
Co-nanocrystal assemblies indicate a block-
ing temperature of !80 K. Our data are
consistent with a thermally activated spin-flip
scattering mechanism which follows (solid
line in Fig. 4) (21, 26, 27)

(R
Rmax

% 1 ! exp# !Emr

kBT $ (5)

In Eq. 5, Emr (#0.33 meV # 4 K) is the
characteristic energy associated with the spin-
flip scattering process. At present we cannot

 

 
 

Fig. 3. (A) Magnetization of a Co-nanocrystal
film at 5 K. (B) Magnetoresistance of Co-nano-
crystal device at 2 K. Arrows indicate reproduc-
ible fine structure.

Fig. 4. Temperature dependence of magnetore-
sistance and fit to Eq. 5 (solid line). Dashed line
indicates the maximum expected value of
(R/Rmax, for randomly oriented moments. (In-
set) Voltage dependence magnetoresistance
(dotted line serves as a guide).
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precisely engineer structures on the nanometer-
scale over large sample areas. Self-organizing
nanocrystal assemblies have already shown the
degree of control necessary to address the chal-
lenges of building nanometer-scale technolo-
gies (4). Our experimental system combines the
nanometer size-scale of granular thin films with
the control and uniformity of lithographically
patterned tunnel-junction arrays ( junction ar-
ea ! 100 nm by 100 nm) (5, 6).

We produce monodisperse Co-nanocrystals
(radius 5 nm, " # 5%) using high-temperature
solution-phase synthesis. Details of the nano-
crystal preparation have been previously de-
scribed (7). We form Co-nanocrystals by injec-
tion of a strong reducing agent (lithium trieth-
ylborohydride) into a solution of anhydrous
cobalt chloride in the presence of trioctylphos-
phine and oleic acid colloidal stabilizers (stirred
at 200°C). The ratio of the metal salt and re-
ducing agent to the stabilizer concentration con-
trols nanocrystal size. The resulting crystal
structure is ε-Co, a metastable cubic Co phase
isomorphous with $-Mn. Each nanocrystal sur-
face is coordinated by a monolayer of oleic
acid, which provides a 2-nm-thick insulating
organic coat. The nanocrystal superlattice is
formed from a dispersion of the Co-nanocrys-
tals in octane (7). Controlled evaporation of the
solvent induces the nanocrystals to self-orga-
nize into an ordered array, with nanocrystal
spacing (!4 nm) provided by the insulating
organic capping group.

A high-resolution scanning electron mi-
croscope (SEM) image (Fig. 1A) shows that
the shortest current-carrying path in this rep-
resentative device contains only about seven

nanocrystals in series (8). The Co-nanocrys-
tals form a hexagonal close-packed array,
which is well ordered over the critical device
dimension (!100 nm). The !100-nm-wide
electrodes are defined using electron-beam
lithography and lift-off of a 15-nm-thick
AuPd metal film. As deposited superlattices
are electrically insulating (R % 1 teraohm)
because the organic capping groups provide a
!4-nm interparticle spacing (Fig. 1B). An-
nealing the superlattice for 1 hour under re-
ducing conditions (400°C, 95% Ar/5% H2)
converts the nanocrystal’s internal structure
to mixed hexagonal/face-centered cubic (7),
and brings neighboring nanocrystals closer
together (!2 nm, shown in Fig. 1C). The H2

anneal also reduces the surface oxide layer
which forms on nanocrystals during han-
dling. In order to compensate for film shrink-
age during the annealing, we typically depos-
it nanocrystal superlattices that are one to
three monolayers thick. We report spin-de-
pendent tunneling measurements of sub–100-
nm test devices containing these periodic Co-
nanocrystal arrays (9). Because of the device
dimensions, only small numbers of nanocrys-
tals are involved in electron transport.

The device current-voltage (I-V ) character-
istic (Fig. 2A) becomes increasingly nonlinear
with decreasing temperature (T ). At 300 K, the
I-V curve is ohmic, with resistances on the order
of 100 kiloohm (corresponding 300 K superlat-
tice resistivity & ! 10 ohm-cm). The resistance
increases monotonically with decreasing T, and
for T ! 70 K the I-V curve becomes nonlinear
near-zero bias (see T # 20 K, 2 K in Fig. 2B).
For T ' 12 K, a finite voltage (VT) is necessary
to generate current through the nanocrystal ar-
ray. In this device, we measure VT # 110 mV at
T # 2 K. All our devices show a distinct current
threshold, although the specific value of VT

varies from device to device due to offset-
charge disorder in the array (10, 11). This I-V
behavior is typical of the eight Co-nanocrystal
devices we have measured, and has been ob-
served for different nanocrystal arrays fabricated
on the same substrate, on different substrates,
and from different preparations of Co-nanocrys-
tals. A complete Coulomb blockade of current
(R % 1 teraohm) is evidence that nanocrystals in
the array are electrically isolated. We calculate
that current paths composed of !16-nm radius
nanocrystals would result in an incomplete Cou-
lomb blockade, even at the lowest experimental
temperatures (2 K). This situation would only
occur if the 5-nm radius nanocrystals had aggre-
gated into physical contact during high-temper-
ature processing.

Temperature dependence of the V # 0
conductance (GV#0) provides strong evi-
dence of the underlying nanocrystal unifor-
mity. Low-voltage electron transport through
an array of Coulomb islands is dominated by
the energy to electrostatically charge individ-
ual nanocrystals. A simple model for an array
of identical metal islands predicts a thermally
activated behavior (12):

GV " 0 ( exp! #U
kBT " (1)

where U is the activation energy to charge an
electrically neutral nanocrystal and kB is the
Boltzmann constant. In this model, U § e2/
2C, where C is the total capacitance of the
particle to its surroundings and e is the charge
of the electron. The Arrhenius form of Eq. 1
successfully describes GV#0 for lithographi-
cally patterned tunnel-junction arrays (5, 6)
because junction areas are precisely defined.

With a few exceptions (12, 13) the con-
ductance of granular thin films does not fol-
low simple thermal activation. By accounting
for the varying particle sizes inherent to a
granular film, one can show that GV#0

( exp[)*U*/kBT ] (14), where U* is an
activation energy for the film. The character-
istic T)1/2 temperatures dependence of GV#0

is a distinct signature of grain size nonunifor-
mity. Model calculations for our experimen-
tal system indicate that GV#0 deviates mea-
surably from Eq. 1 when the nanocrystal size
distribution (") exceeds 15% (5.0 nm +
0.75).

A plot of GV#0 versus 1/T (inset to Fig.
2A) shows that conduction in our Co-nano-
crystal superlattices is well described by Eq.
1 for kBT ' U (solid line). From the slope of
the theoretical fit, we calculate U # 10 meV.
In all our Co-nanocrystal devices, we mea-
sure 10 ' U ' 14 meV. We estimate the
interparticle capacitance C # 1.0 aF using

C!2,ε0εrln# r-d
d $ (15), where r is the

nanocrystal radius (5 nm), 2d is the interpar-
ticle distance (2 nm), and ε is the dielectric

Fig. 1. (A) SEM image of self-assembled Co-
nanocrystal superlattice device. (B) Transmis-
sion electron microscope image of a Co-
nanocrystal superlattice before annealing,
shows a !4-nm interparticle distance
(nanocrystal diameter is 10 nm). (C) Co-
nanocrystal superlattice after annealing (!2-
nm interparticle distance).

0.1 1 10

-0.6

-400

-200

0

200

400

V (V)

I(
A)

I(
pA
)

(V - VT)/VT

-0.4 -0.2 0.0 0.2 0.4 0.6

2 K

device 1
device 2

70 K 40 K
20 K

4 2 3 4 5 6 2

0.01 0.03 0.05 0.07

3 4 5 65 6

A

B
α V2.2 α V2.5

10-9
10-10

10-2
100
102

I/T (K-1)G
V=
0
(I/
G
Ω
)

10-11
10-12
10-13
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tices were collected as small needles. The final composition
of the obtained material was set to 60% iron and 40% cobalt.

When one equivalent acid oleic !sample D" or a mixture
of one equivalent oleic acid and one equivalent stearic acid
!samples B and C" is used as stabilizing agents, very mono-
dispersed 15 nm particles are obtained. They spontaneously
self-organize with a long-range order !as visible on a micro-
tomy cut of a sample13" to form supercrystals, with a fcc
packing of the particles #see Fig. 1!b"$. When two equiva-
lents of oleic acid are used !sample A and E", the particles
are bigger !25 nm diameter" and less monodisperse. This
leads to a lack of straightforward arrangement of the par-
ticles within the superlattices, which thus consist of densely
packed NPs with no long-range spatial ordering #see Fig.
1!a"$.

Wide angle x-ray scattering and high resolution transmis-
sion electron microscopy !TEM" evidence no classical crys-
talline phase in the NP. Parallel electron energy loss spectros-
copy !PEELS" analysis shows that NPs display an onionlike
structure consisting of a cobalt-rich core surrounded by an
iron-rich shell, itself surrounded by another cobalt-rich
shell.13

Magnetization characteristics on a powder composed of
many superlattices are shown in Fig. 2!a". The saturation
magnetization MS=163 A m2 kgFeCo

−1 at 2 K is lower than the
bulk alloy !MS=240 A m2 kgFeCo

−1 ". The segregated structure
and amorphous character of the particle may be responsible
for the low magnetization. A coercive field of 10 mT and a
saturation field of 1.2 T are measured at 2 K. No oxidation is
detected, either in wide angle x-ray scattering, energy elec-
tron loss spectroscopy, or in the magnetic measurements.
Moreover, the bulk magnetization of FeCo is recovered after
annealing, as the particles crystallize in the bcc alloyed

phase. Figure 2!b" displays the magnetization curves mea-
sured on a single superlattice, with the magnetic field applied

FIG. 1. #!a"–!c"$ SEM micrographs of superlattices synthesized
in various conditions !see Table I". The micrographs illustrate the
particles size and organization for !a" sample A; !b" sample B, C,
and D; !c" Sample X. #!d" and !e"$ TEM micrographs of the NPs
after dispersion of the superlattices in solvent for sample B, C, and
D !d", and sample X !e".

TABLE I. Summary of the superlattices properties. For sample B and C, references of articles in which some of their properties have
been previously published are indicated in the first column. The column “ligands” corresponds to the amount and the nature of acids and
amines used for the synthesis. The subsequent columns display the values of the resistance at room temperature R !300 K", the activation
energy T0, the exponent ! and the threshold voltage VT. In the column “T0,” the voltage at which the R!T" has been measured is indicated
in parentheses. The column “high-field MR” indicates the maximum high-field MR measured on the sample. The last column indicates if
avalanches have been observed in the I!V" characteristics at low temperature, and provides in parentheses the amplitude of the avalanches.
!a" On sample X, the I!V" characteristics are linear as soon as the voltage is above VT #see text and Fig. 4!f"$. !b" On these samples, the gap
in the I!V" characteristic at 1.8 K is not clearly defined. !c" For sample X, there was a problem during the synthesis which manifests through
a large size distribution !see text and Fig. 1".

Sample
!NPs size" Ligands R !300 K" T0 ! VT High-field MR Avalanches

A !25 nm" 2 OA 400 k" 68 K !2 V" 2.5 !b" 0 !b" Not measured Yes !36%"

B38 !15 nm" 1 OA+ 1 SA 5 G" 80 K !25 V"
3.5 !fixed"

4.37
33

0 !fixed" 3000% No

C37 !15 nm" 1 OA+ 1 SA 8 k" 24 K !10 mV" 1.3 !b" 2 !b" 100% Yes !120%"

D !15 nm" 1 OA 100 M" 256 K !10 V"
5.2 !fixed"

4.4
3.2

30 !fixed" 90% No

E !25 nm" 2 OA 1.2 G" 244 K !10 V"
4.9 !fixed"

4.03
24

50 !fixed" 160% No

X !25 nm" 1 OA+ 1 SA !c" 300 k" 200 K !20 mV" 1 !a" 30 280% Yes !3000%"

MAGNETORESISTANCE AND COLLECTIVE COULOMB… PHYSICAL REVIEW B 79, 174428 !2009"
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IV. Dispositif expérimental pour la mesure des propriétés de transport : 
 

Les mesures de transport ont été effectuées dans un cryostat à hélium liquide équipé 

d’une bobine supraconductrice. Cela nous a permis d’étudier les propriétés des échantillons 

entre 300 K et 4 K (l’utilisation de pompes permet cependant de descendre à plus basse 

température (jusqu’à 1.5 K)) et d’appliquer des champs magnétiques allant jusqu’à 12 T.  

Pour caractériser la résistivité des échantillons, nous avons développé une canne de mesure 

avec des porte-échantillons (parallèle et perpendiculaire à la direction du champ appliqué) en 

téflon (non magnétique) montés au bout de la canne. La base de la canne est constituée de 8 

fiches coaxiales ou triaxiales. Les mesures I(V) ont été réalisées via un Keithley 6430 

(fempto-ampèremètre) qui permet de mesurer en mode DC de hautes impédances. L’ensemble 

des mesures a été réalisé avec l’utilisation de filtres préprogrammés, ce qui implique des 

temps d’intégration de l’ordre de la seconde pour les sensibilités les plus fortes. 

Comme les super-cristaux mesurés ont une résistance à température ambiante relativement 

élevée (entre 8 kΩ et 5 GΩ) et encore plus à basse température, ils sont connectés suivant une 

procédure deux pointes. Pour éviter leur oxydation, leur connexion sur un porte-échantillon se 

fait à l’intérieur d’une boite à gants sous une atmosphère saturée en Ar. Les contacts ont été 

réalisés via des fils d’or et de la laque d’argent reliant l’échantillon au porte-échantillon et au 

super-cristal (voir Fig.II-12). Ils sont ensuite transportés dans un schlenck sous atmosphère 

inerte et montés le plus rapidement possible sur la canne puis introduits dans le cryostat.   

 

Fig.II-12 : clichés MEB, à gauche de nanoparticules déposées sur substrats, à droite, de 
peignes interdigités 

 73 

 
 
 
IV. Dispositif expérimental pour la mesure des propriétés de transport : 
 

Les mesures de transport ont été effectuées dans un cryostat à hélium liquide équipé 

d’une bobine supraconductrice. Cela nous a permis d’étudier les propriétés des échantillons 

entre 300 K et 4 K (l’utilisation de pompes permet cependant de descendre à plus basse 

température (jusqu’à 1.5 K)) et d’appliquer des champs magnétiques allant jusqu’à 12 T.  

Pour caractériser la résistivité des échantillons, nous avons développé une canne de mesure 

avec des porte-échantillons (parallèle et perpendiculaire à la direction du champ appliqué) en 

téflon (non magnétique) montés au bout de la canne. La base de la canne est constituée de 8 

fiches coaxiales ou triaxiales. Les mesures I(V) ont été réalisées via un Keithley 6430 

(fempto-ampèremètre) qui permet de mesurer en mode DC de hautes impédances. L’ensemble 

des mesures a été réalisé avec l’utilisation de filtres préprogrammés, ce qui implique des 

temps d’intégration de l’ordre de la seconde pour les sensibilités les plus fortes. 

Comme les super-cristaux mesurés ont une résistance à température ambiante relativement 

élevée (entre 8 kΩ et 5 GΩ) et encore plus à basse température, ils sont connectés suivant une 

procédure deux pointes. Pour éviter leur oxydation, leur connexion sur un porte-échantillon se 

fait à l’intérieur d’une boite à gants sous une atmosphère saturée en Ar. Les contacts ont été 

réalisés via des fils d’or et de la laque d’argent reliant l’échantillon au porte-échantillon et au 

super-cristal (voir Fig.II-12). Ils sont ensuite transportés dans un schlenck sous atmosphère 

inerte et montés le plus rapidement possible sur la canne puis introduits dans le cryostat.   

 

Fig.II-12 : clichés MEB, à gauche de nanoparticules déposées sur substrats, à droite, de 
peignes interdigités 

100	
  nm	
  

100	
  nm	
  

60	
  μm	
  

100	
  nm	
  

2D	
  

3D	
  

N’ont pas présenté de TMR classique  Effets de MR à fort champ atypiques! 

Co	
  

Super-cristaux 3D Dépôt par goutte sur électrodes 

≠	
  	
  
couples	
  acide/amine	
  

22	
  



→	
  états	
  localisés	
  (ligands/oxyda(on)	
  
→	
  présence	
  de	
  précurseurs	
  résiduels	
  (surface/barrière)	
  

Reasmey TAN-concours 06/03 

11 
 

a/ Magnétorésistance dans les super-cristaux 
 
Pour des températures comprises entre 1.8 K et 10 K, la variation de la résistance en fonction 
du champ magnétique ne présente pas de saturation. Cette MR à fort champ présente plusieurs 
caractéristiques : 

- son amplitude est très élevée. Dans des conditions optimisées de tension et de 
température, elle peut atteindre 3000 %. De plus, son amplitude ne dépend que du 
ratio H/T (cf Fig.IV.2 a)). Les courbes de MR mesurées à une tension fixe se 
superposent quand elles sont tracées en fonction du rapport H/T.   

- elle présente une forte dépendance en tension (cf Fig.IV.2 b)). La courbe de MR 
(V) a été obtenue en mesurant les I(V)  sous  champ  et  à  champ  nul.  L’amplitude  de  
la MR est alors définie par la différence de ces deux courbes, normalisées par la 
courbe à fort champ. 
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Figure IV.2 : a) Courbes de MR mesurées entre 2.4 K et 10.8 K à 200 V. Les courbes sont 

tracées en fonction du ratio H/T. b) Variation de la MR en fonction de la tension à  T =2.75 
K. 

 
Quand la température devient inférieure à 1.8 K, les effets à fort champ décrits ci-dessus 
disparaissent drastiquement. La MR mesurée change alors radicalement de forme et une 
magnétorésistance tunnel apparaît (cf Fig.IV.3). Cette dernière est caractérisée par : 

- l’apparition  de  pics  inverses  pour  des  champs  de  ±  0.17  T.     
- une  amplitude  faible  (de  l’ordre  de  quelques  %). 
- une dépendance en tension moins prononcée que dans le cas des effets à fort 

champ. En définissant la résistance minimale comme étant, cette fois, la résistance 
au niveau des pics inverses, et la résistance maximale celle au champ de saturation, 
l’amplitude  de  la  MR  prend  respectivement  la  valeur  de  - 0.3 % et - 1.8 % pour des 
tensions de 200 V et 90 V. 
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Figure IV.3 : Courbes de MR mesurées à T = 1.5 K  a) pour V = 90 V b) V = 200V. 
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a/ Magnétorésistance dans les super-cristaux 
 
Pour des températures comprises entre 1.8 K et 10 K, la variation de la résistance en fonction 
du champ magnétique ne présente pas de saturation. Cette MR à fort champ présente plusieurs 
caractéristiques : 

- son amplitude est très élevée. Dans des conditions optimisées de tension et de 
température, elle peut atteindre 3000 %. De plus, son amplitude ne dépend que du 
ratio H/T (cf Fig.IV.2 a)). Les courbes de MR mesurées à une tension fixe se 
superposent quand elles sont tracées en fonction du rapport H/T.   

- elle présente une forte dépendance en tension (cf Fig.IV.2 b)). La courbe de MR 
(V) a été obtenue en mesurant les I(V)  sous  champ  et  à  champ  nul.  L’amplitude  de  
la MR est alors définie par la différence de ces deux courbes, normalisées par la 
courbe à fort champ. 
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Figure IV.2 : a) Courbes de MR mesurées entre 2.4 K et 10.8 K à 200 V. Les courbes sont 

tracées en fonction du ratio H/T. b) Variation de la MR en fonction de la tension à  T =2.75 
K. 

 
Quand la température devient inférieure à 1.8 K, les effets à fort champ décrits ci-dessus 
disparaissent drastiquement. La MR mesurée change alors radicalement de forme et une 
magnétorésistance tunnel apparaît (cf Fig.IV.3). Cette dernière est caractérisée par : 

- l’apparition  de  pics  inverses  pour  des  champs  de  ±  0.17  T.     
- une  amplitude  faible  (de  l’ordre  de  quelques  %). 
- une dépendance en tension moins prononcée que dans le cas des effets à fort 

champ. En définissant la résistance minimale comme étant, cette fois, la résistance 
au niveau des pics inverses, et la résistance maximale celle au champ de saturation, 
l’amplitude  de  la  MR  prend  respectivement  la  valeur  de  - 0.3 % et - 1.8 % pour des 
tensions de 200 V et 90 V. 
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Figure IV.3 : Courbes de MR mesurées à T = 1.5 K  a) pour V = 90 V b) V = 200V. 
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de la tension appliquée. La transition  peut   être   induite  quelle  que   soit   l’état  magnétique  du  
système, c'est-à-dire au dessus ou au dessous du champ de saturation des NPs. 
 
L’origine   de   ces   nouveaux   effets   reste   une   question   ouverte.   Il   est   cependant   probable   que  
cela provienne de la manifestation  d’effets  collectifs  dus  au  fort  couplage  électrostatique  entre  
les  particules.  Dans  ces  conditions  de  fort  couplage  capacitif,  des  phénomènes  d’avalanches  et  
d’hystérésis  sur  les  I(V) ont été prédits par la théorie de Middleton et Wingreen, bien que les 
auteurs  n’aient  délibérément  pas  développé  ce  cas.  Les  prédictions  théoriques  de  Sverdlov  et  
collaborateurs14 ont   cependant   décrit   ces   phénomènes   d’avalanches   dans   des   réseaux   de  
particules  fortement  corrélées.  L’extrapolation  de  leurs  calculs  sur  les réseaux de la taille des 
super-cristaux mesurés dans nos études conduit à des probabilités et des sauts de courants 
importants. 
Le   rôle  du  désordre   et   de   ces   couplages   électrostatiques  ont   également   fait   l’objet   d’études  
théoriques sur les semi-conducteurs dopés qui peuvent être modélisés par des réseaux 
d’électrons   localisés   fortement   corrélés.  Dans   ces   systèmes,   les   calculs   ont  montré   que   des 
effets  de  mémoire  et  d’avalanche  pouvaient  apparaître  suite  à  la  compétition  engendrée  par  les  
interactions coulombiennes et le désordre de charge. Pour des températures très inférieures à 
la   température   d’interaction   coulombienne,   le   système   est   piégé   dans   un   état   métastable  
frustré  dit  verre  de  Coulomb  ou  verre  d’électrons,15 par analogie avec les verres de spin. Dans 
notre cas, cet état serait brisé pour des tensions appliquées supérieures à la tension seuil, 
entraînant   une   conduction   par   un   effet   d’avalanche   et   une   ouverture   totale   des   canaux   de  
conductions.  Il  n’existe  malheureusement  pas  d’études  expérimentales  sur la manifestation de 
verres de Coulomb sur les caractéristiques I(V). Seules les expériences de Biejelec et Wu16 sur 
des  films  granulaires  d’Al  ont  été  attribué  à   la   formation  de   tels  états.  Ces  derniers  seraient  
responsables des hystérésis apparaissant sur les caractéristiques R(T) mesurées. Enfin, comme 
ces effets sont probablement reliés à des phénomènes collectifs, il est probable que leur 
absence dans la mesure des peignes inter-digités provienne de la petite taille du réseau.  
 
4/ Magnétorésistance des nanoparticules de FeCo : 

 
Nous présentons dans ce chapitre les propriétés de 
magnétorésistance des NPs de FeCo. Parmi tous les 
échantillons mesurés (indépendamment du type de 
ligands et du type de systèmes, super-cristaux ou 
peignes) hormis P1, la MR a suivi le 
comportement illustré sur la figure IV.1 : entre  
1.8 K et 10 K, des effets à fort champ sont mesurés. 
Ces   derniers   s’effacent   soudainement   quand   un  
second régime de magnétorésistance à bas champ 
prend le pas pour des températures inférieures à  
1.7 K. Je présenterai donc dans cette partie un 
échantillon issu de la même synthèse que SC2, 
mais possédant des effets les plus prononcés. Nous 
nommerons cet échantillon SC2b. Les propriétés de 
MR dans les deux domaines de température seront 
exposées dans une première partie. Dans un second 

temps, je présenterai les mesures de MR obtenues sur les peignes inter-digités. En particulier, 
je discuterai de la différence entre les résultats obtenus sur des peignes reproduisant le 
comportement décrit par la Fig.IV.1 (échantillon P2) et ceux mesurés sur P1.  
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Figure IV.1 : Variation typique de la 
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et un champ magnétique de 2.6 T. 
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Propriétés de transport avec S variable et D fixe 
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Figure 6.2 – Propriétés magnétiques des nanoparticules de Co.
Cycles d’hystérésis à 2 K après un refroidissement à champ nul (courbe noire) et sous 5 T (courbe
rouge), mesurés sur de la poudre de Co. En insert une vue rapprochée des champ coercitifs et
de l’aimantation rémanente.

6.4 Echange de ligands et dispositifs de mesure
Nous avons procédé à un échange de ligands à partir d’un lot de nanoparticules de

Co provenant d’une seule synthèse. Pour cela, après la synthèse des nanoparticules, nous
avons procédé à un tri magnétique : le surnageant de la suspension de nanoparticules
de Co a été retiré alors que dans un même temps les nanoparticules étaient maintenues
magnétiquement en les attirant grâce à un fort aimant. Puis, l’ajout d’un large excès de
ligands préalablement dilués dans une solution de toluène dégazée (dix équivalents par
rapport aux atomes total de Co), permet d’amorcer l’échange de ligands ici de la bu-
tylamine (CH3(CH2)3NH2) en a) et en b) de la dodecylamine (CH3(CH2)11NH2). En
e�et, le fort excès déplace l’équilibre et grâce à la labilité des ligands, un échange a lieu
à la surface des nanoparticules. Cette procédure est répétée deux fois pour maximiser
l’échange de ligands. Ensuite, on relave encore deux fois les suspensions de nanoparticules
de Co avec des solutions de toluène dégazés pour éliminer l’excès des nouveaux ligands.
nous rappelons que l’ensemble de ces opérations est réalisé sous atmosphère inerte d’Ar
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Figure S2. a) High field magnetoresistance as a function of temperature for V = 10 V b) 
Magnetoresistance for V = 10 V at T = 4.7 K after zero and field-cooled at 3 T. 
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compatible with human applications26 (100 kHz and 20 mT),
but it remains a real challenge. We have recently made
significant progresses in the optimization of the SAR values by
optimizing the size of iron(0) nanoparticles,27,28 but increasing
SAR values at low magnetic field requires the decrease of
nanoparticle anisotropy.29,30

We report hereafter the first versatile chemical synthesis of
monodisperse iron carbide nanoparticles of controlled size and
composition as well as that of core−shell iron/iron carbide
nanoparticles and the modulation of their magnetic and
hyperthermia properties following an approach inspired by
the Fischer−Tropsch process, namely, using preformed
monodisperse iron(0) nanoparticles as “seeds” on which
Fe(CO)5, as both Fe and carbon precursor, is reacted under
Ar or H2 (Scheme 1).
The synthesis of iron carbide nanoparticles was carried out in

two steps. First iron(0) nanoparticles were prepared according
to a previously reported method.31,32 Interestingly, the reaction
does not work when using Fe nanoparticles stabilized by a
carboxylic acid/amine mixture, presumably because of the
strong coordination of the carboxylic acids to the nanoparticle

surface.31 This led us to change to a procedure recently
reported in our group using C16H33NH2 (HDA), C16H33NH3Cl
(HDAHCl), and {Fe[N(SiMe3)2]2}2 in mesitylene.32 The
reaction products were fully characterized by transmission
electron microscopy (TEM) and high resolution TEM (HR-
TEM) observations which evidenced the presence of
homogeneous nanocrystals with a very narrow size distribution.
Mössbauer spectroscopy confirmed the complete reduction of
the iron complex to metallic ferromagnetic iron. As previously
described, the average size of preformed iron(0) nanocrystals
could be tuned between 8 and 12 nm by varying the
experimental conditions such as acid concentration, temper-
ature, or reaction time.
The second step was carried out by adding iron

pentacarbonyl (Fe(CO)5) to preformed iron(0) nanoparticles
of about 9.6 nm, in a respective 1:2 molar ratio. Note that the
decomposition of Fe(CO)5 in the presence of HDAHCl and
HDA and without Fe(0) NPs produced an inhomogeneous
mixture and polydisperse nanoparticles (see Figure S1 of the
Supporting Information). In our typical reaction, the mixture
was pressurized with 3 bar H2 in mesitylene and heated at 150

Scheme 1. Typical Synthesis of Iron Carbide (MM1) and Iron(0)/Iron Carbides Core Shell (MM2) Nanoparticles Starting from
Preformed Iron(0) Nanoparticles

Figure 1. Structural analysis of iron carbide nanocrystals (MM1) of about 13.1 nm. (a) TEM analysis of MM1. (b) HRTEM analysis of MM1. (c)
Powder-XRD data of MM1. (d) Mössbauer spectrum of MM1.
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reaction products were fully characterized by transmission
electron microscopy (TEM) and high resolution TEM (HR-
TEM) observations which evidenced the presence of
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Mössbauer spectroscopy confirmed the complete reduction of
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described, the average size of preformed iron(0) nanocrystals
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experimental conditions such as acid concentration, temper-
ature, or reaction time.
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of about 9.6 nm, in a respective 1:2 molar ratio. Note that the
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Supporting Information). In our typical reaction, the mixture
was pressurized with 3 bar H2 in mesitylene and heated at 150

Scheme 1. Typical Synthesis of Iron Carbide (MM1) and Iron(0)/Iron Carbides Core Shell (MM2) Nanoparticles Starting from
Preformed Iron(0) Nanoparticles

Figure 1. Structural analysis of iron carbide nanocrystals (MM1) of about 13.1 nm. (a) TEM analysis of MM1. (b) HRTEM analysis of MM1. (c)
Powder-XRD data of MM1. (d) Mössbauer spectrum of MM1.
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carbides of different compositions (carbon rich or carbon
poor).
In both cases (MM1 and MM2), the final size of nano-

objects can be finely controlled by varying the average size of
the initial iron(0) nanocrystals or the Fe(CO)5 concentration,
while keeping all other parameters constant. MM1 and MM2
were obtained in a size range from 11.7 to 14.5 nm (see Figures
S3 and S6 of the Supporting Information). The thickness of the
iron carbide shell in MM2 can increase from 1.5 ± 0.2 nm to
2−2.3 ± 0.2 nm while keeping the bcc-Fe(0) core diameter
constant.
All of these results suggest that the amount of carbon

formed, and its diffusion inside the preformed iron(0)
nanocrystal seeds is strongly dependent upon both the
presence of H2 and the reaction temperature.
Magnetization measurements were performed on a Quantum

Design model MPMS 5.5 SQUID magnetometer. The
measurements were carried out on purified powder samples
prepared and sealed under argon atmosphere to preserve the
NPs from any uncontrolled oxidation. The absolute magnet-
ization was deduced from the iron(0) total content determined
by microanalysis using the inductively coupled plasma mass
spectrometry technique (ICP). Initial iron(0), iron carbide
(MM1), and iron(0)/iron carbide (MM2) core shell nano-
crystals exhibit a soft ferromagnetic behavior at room
temperature and a high magnetization (see Figure 3).
As expected, the measured saturation magnetization (MS) of

preformed iron(0) nanoparticles (9.6 ± 0.3 nm) is very close to
that of bulk iron, 210 (±10%) Am2·kg−1 at 2 K and 198
(±10%) Am2·kg−1 at 300 K (HC = 14.5 mT at 2 K and 3.4 mT

at 300 K; see Figure 3a). Iron carbide nanocrystals (MM1) of
14.2 nm (±1.0 nm) display a reduced magnetization of 161
(±10%) Am2·kg−1 at 2 K and 132 (±10%) Am2·kg−1 at 300 K
(HC = 34.5 mT at 2 K and 23.3 mT at 300 K; see Figure 3c).
These values are among the highest saturation magnetizations
reported so far for iron carbide materials.15−24 Iron/iron
carbide (MM2) core shell nanocrystals (13.1 ± 0.9 nm) display
a high saturation magnetization of 202 (±10%) Am2·kg−1 at 2
K and 195 (±10%) Am2·kg−1 at 300 K (HC = 21.2 mT at 2 K
and 3.5 mT at 300 K) close to that of bulk iron (see Figure 3b).
In addition, iron carbide and iron/iron carbides nano-objects
display a higher stability against oxidation than the initial iron
(0) nanocrystals (see Figure 3d). Upon exposing iron carbide
nanocrystals to air, the value of MS first decreases and saturates
at a value of about 80% of initial MS after 1 month. For iron/
iron carbide nano-objects, a faster decrease is measured in first
24 h exposure to air, which corresponds to a loss of 10% of MS.
However, these nano-objects even after oxidation display a
saturation magnetization higher than iron oxides or core shell
iron/iron oxide nanoparticles described until now in the
literature.2,33

The hyperthermia properties of these new materials were
first studied by measuring the temperature rise of colloidal
solutions upon applying an alternating magnetic field on a
homemade frequency-adjustable electromagnet.34 The SAR
dependence as a function of magnetic field measured at a
frequency fexc = 54 kHz is depicted for different representative
samples in Figure 4a. Figure 4b displays the high-frequency
hysteresis loops of the same samples measured with a specially
designed setup described elsewhere.35 In both figures, the

Figure 3. Magnetic properties of different compositions of iron and iron carbide based nanoparticles. (a) Magnetization data of ∼9.6 nm iron(0)
nanocrystals at 2 and 300 K. (b) Magnetization data analysis of ∼13.1 nm MM2 at 2 and 300 K. (c) Magnetization data analysis of ∼14.2 nm MM1
nanocrystals at 2 and 300 K. (d) Stability against oxidation of iron, MM1, and MM2 nanocrystals.

Nano Letters Letter

dx.doi.org/10.1021/nl302160d | Nano Lett. 2012, 12, 4722−47284725
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compatible with human applications26 (100 kHz and 20 mT),
but it remains a real challenge. We have recently made
significant progresses in the optimization of the SAR values by
optimizing the size of iron(0) nanoparticles,27,28 but increasing
SAR values at low magnetic field requires the decrease of
nanoparticle anisotropy.29,30

We report hereafter the first versatile chemical synthesis of
monodisperse iron carbide nanoparticles of controlled size and
composition as well as that of core−shell iron/iron carbide
nanoparticles and the modulation of their magnetic and
hyperthermia properties following an approach inspired by
the Fischer−Tropsch process, namely, using preformed
monodisperse iron(0) nanoparticles as “seeds” on which
Fe(CO)5, as both Fe and carbon precursor, is reacted under
Ar or H2 (Scheme 1).
The synthesis of iron carbide nanoparticles was carried out in

two steps. First iron(0) nanoparticles were prepared according
to a previously reported method.31,32 Interestingly, the reaction
does not work when using Fe nanoparticles stabilized by a
carboxylic acid/amine mixture, presumably because of the
strong coordination of the carboxylic acids to the nanoparticle

surface.31 This led us to change to a procedure recently
reported in our group using C16H33NH2 (HDA), C16H33NH3Cl
(HDAHCl), and {Fe[N(SiMe3)2]2}2 in mesitylene.32 The
reaction products were fully characterized by transmission
electron microscopy (TEM) and high resolution TEM (HR-
TEM) observations which evidenced the presence of
homogeneous nanocrystals with a very narrow size distribution.
Mössbauer spectroscopy confirmed the complete reduction of
the iron complex to metallic ferromagnetic iron. As previously
described, the average size of preformed iron(0) nanocrystals
could be tuned between 8 and 12 nm by varying the
experimental conditions such as acid concentration, temper-
ature, or reaction time.
The second step was carried out by adding iron

pentacarbonyl (Fe(CO)5) to preformed iron(0) nanoparticles
of about 9.6 nm, in a respective 1:2 molar ratio. Note that the
decomposition of Fe(CO)5 in the presence of HDAHCl and
HDA and without Fe(0) NPs produced an inhomogeneous
mixture and polydisperse nanoparticles (see Figure S1 of the
Supporting Information). In our typical reaction, the mixture
was pressurized with 3 bar H2 in mesitylene and heated at 150

Scheme 1. Typical Synthesis of Iron Carbide (MM1) and Iron(0)/Iron Carbides Core Shell (MM2) Nanoparticles Starting from
Preformed Iron(0) Nanoparticles

Figure 1. Structural analysis of iron carbide nanocrystals (MM1) of about 13.1 nm. (a) TEM analysis of MM1. (b) HRTEM analysis of MM1. (c)
Powder-XRD data of MM1. (d) Mössbauer spectrum of MM1.
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Solution colloïdale 

Lié au Dip coating 

-    Concentration  
- Ligands 

- Nano-objets 

Epaisseur	
   Taux	
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  couverture	
  

Substrat 
-    Nature (SiO2, Au, résine) 

-    Etat chimique de la surface 

-  Vitesse de retrait 

      Vmin= 13 µm.s-1  

      Vmax = 660 µm.s-1 

(plasma O2, fonctionnalisation) 

Le contrôle des paramètres est difficile! 

Paramètres inter-dépendants 

Défauts topographique/chimique 

Flux d’évaporation ≠ vitesse de retrait 

=> formation de lignes d’accroche 
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Nous présentons seulement deux études (concentration, vitesse) 
sur des surfaces de SiO2 patternées d’or 

S. Watanabe et al, Langmuir, 2009 

Plus flexible pour varier l’état de surface 

Intéressant pour du transport planaire à travers une monocouche 
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In this gravity-dominated jump regime, the stripe width
decreases as U increases. Consider the meniscus in a reference
frame thatmoveswith the three-phase contact line as themeniscus
stretches. The flux of particles to the contact line is determined
by the flow field owing to evaporation only. Since the evaporative
flux does not become more rapid as U increases, fewer particles
are driven to the contact line between depinning events. Hence
stripes become narrower as U increases. For U > 50 µm/min,
the stripe width becomes independent of U, and the degree of
order in the stripes decreases (as shown in SEM images in
Supporting Information). Thewithdrawal velocity in this regime
is far greater than the evaporation flux, so few particles convect
to the three-phase contact line between depinning events.
For U > Ut, the stripe spacing changes abruptly to a tenth of

that in the gravitationally driven jumping regime. Stripe width
also changes abruptly at this velocity. Over a range of velocities,
the spacing and width remain fixed and independent of U. We
propose the following mechanism for this transition. Initially,
the first stripe of particles forms at a pinned contact line as
described above. However, for U > Ut, the dynamic contact
angle is reduced to a sufficiently low value that a thin film is
entrained on the plate. Contact angles arewell-known to decrease
in a dip-coating configuration.17 Particle accumulation at contact
lines is also known to decrease effective contact angles.5 Here,
the two mechanisms work together to reduce the contact angle
to a critical value atwhich a thin film is drawnout of themeniscus.
The entrained film moves with the plate, while the meniscus
remains fixed. The entrained film thickness h can be estimated
byuseof the expressionoriginally derivedbyLandau andLevich18
for uniform wetting layers that are infinite in extent formed by
dip-coating from a Newtonian fluid with viscosity µ at constant
velocity U:

where (γ/Fg)1/2 is the capillary length for a fluid of density F,
γ is the surface tension, and Ca is the capillary number, Ca )
µU/γ. For an aqueous systemwithU) 150 µm/min,Ca∼ 10-8.
Since in our application the films are finite in extent, the use of
this expression is approximate.
The behavior of the particles forU>Ut depends on the value

of h compared to the particle diameter D. For h < D, particles
are driven by the flow toward the edge of the film but cannot
enter because of their size. They wedge into the region where
the liquid layer thickens to match to the wetting meniscus and
accumulate there.When the liquid covering an entrained particle
evaporates sufficiently, either the particle becomes the new
pinning site for the contact line or a thin film is entrained on the
plate itself. The stripe of particles moves upward with a thin film
entrained beneath it. The time required for this to occur can be
estimated a priori by considering the particle diameter divided
by the evaporation rate. For the 0.81 µm particle in a liquid with
a bulk evaporating rate of 5 µm/min, the time required to com-
pletely expose an entrained particle is 9.6 s. From experiment,
the time available for a stripe to form can be inferred from the
ratio of the stripe width to the withdrawal rate to be ∼2 s. This
is fairly good agreement, since the evaporation rate near the con-
tact line is large compared to the bulk value.19 Note also that the
time available for stripe formation is small compared to the grav-
itationally dominated case, so narrow-width stripes format higher
frequency. SEM images of the particle aggregates and the regions
between the stripes are reported in Supporting Information.

For high enoughU, the film thickness h becomes comparable
to the particle diameterD. Particles are convected freely into the
film by the streamlines adjacent to the substrate and deposit in
a sparse disordered layer. No stripes form. These three cases are
summarized schematically in Figure 3 with qualitative flow
fields.17
To further test this hypothesized mechanism for narrow stripe

formation, two additional series of experiments were performed
with suspensions of particles with D of 0.21 and 2.1 µm.
For the 0.21 µm particles at 0.01% volume fraction, the three

regimes of particle depositionwere again observed. The transition
velocity Ut was approximately 80 ( 10 µm/min. For U < Ut,
the 0.21 µm particles formed wide stripes in the gravitationally
dominated regime; SEM images of this regime are reported in
Supporting Information. For U > Ut, thin stripes form, with
some deposition of particles between stripes. For U. Ut, there
was nonuniform particle deposition.
For the 2.1µmparticles at 0.1%volume fraction, four behaviors

were observed. For low enough velocities (U ∼ 10 µm/min),
gravitational settling of the particles was faster than convection
to the three-phase contact line. Particles did not form stripes, and
they deposited only sparsely and without order on the surface
(data not shown). ForU) 0.1 cm/min, lines only a few particles
wide form (see SEM images in Supporting Information). The
spacing between the stripes compares well with the spacing in
the study of the 0.81 µm diameter particles in the gravitationally
dominated regime. The withdrawal velocity was increased in
steps of 0.1 cm/min. At U ) 0.5 cm/min, the particles formed
finely spaced (ill defined) thin stripes. The pinning ability of
these particles is very poor because of their large size and lower
number concentration. (Pinning is enhanced by the capillary
bridges that form between particles that are in contact or nearly
in contact. The curvature of these bridges scales inversely with
the particle radius.) For U > 1 cm/min, only disordered layers
form.
These data are summarized in Figure 4, in which we report

stripe width, stripe spacing, and entrained film thickness h,
predicted as a function of the particle diameterD and the velocity
of withdrawalU. Corresponding estimates for the entrained film
thickness h (from eq 1) are also reported in the figure caption.
In Table 1, these regimes are further characterized in terms of
stripe width, height, separation, and order.

(17) (a) Diaz, M. E.; Cerro, R. L. Thin Solid Films 2004, 460, 274. (b) Cerro,
R. L. J. Colloid Interface Sci. 2003, 257, 276 and references therein.
(18) Landau, L.; Levich, B. Acta Physicochim. URSS 1942, 17, 42.
(19) Hu, H.; Larson, R. G. J. Phys. Chem. B 2002, 106, 1334.

h ) 0.946(γ/Fg)1/2Ca2/3 (1)

Figure 3. Schematic representation of particle accumulation and
the flow pattern when a flat plate is removed from a suspension. (A)
Gravity-driven contact line jumping regime: U < Ut. Particles are
convected by evaporative flux to the contact line. They pin the
contact line at a finite contact angle. The meniscus is stretched by
theplatemotion.When it is tooheavy, it tears off and jumpsbackward.
(B) Film entrainment regime: U > Ut, h < D. A film of thickness
h is entrained on the plate. Particles are too large to enter the film
and accumulate to form a stripe roughly one particle high. The stripe
eventually dries; a new three-phase contact line forms. (C) Transition
to disorder: U . Ut, h ∼ D. Particles convect freely into the film
and deposit without order.
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In this gravity-dominated jump regime, the stripe width
decreases as U increases. Consider the meniscus in a reference
frame thatmoveswith the three-phase contact line as themeniscus
stretches. The flux of particles to the contact line is determined
by the flow field owing to evaporation only. Since the evaporative
flux does not become more rapid as U increases, fewer particles
are driven to the contact line between depinning events. Hence
stripes become narrower as U increases. For U > 50 µm/min,
the stripe width becomes independent of U, and the degree of
order in the stripes decreases (as shown in SEM images in
Supporting Information). Thewithdrawal velocity in this regime
is far greater than the evaporation flux, so few particles convect
to the three-phase contact line between depinning events.
For U > Ut, the stripe spacing changes abruptly to a tenth of

that in the gravitationally driven jumping regime. Stripe width
also changes abruptly at this velocity. Over a range of velocities,
the spacing and width remain fixed and independent of U. We
propose the following mechanism for this transition. Initially,
the first stripe of particles forms at a pinned contact line as
described above. However, for U > Ut, the dynamic contact
angle is reduced to a sufficiently low value that a thin film is
entrained on the plate. Contact angles arewell-known to decrease
in a dip-coating configuration.17 Particle accumulation at contact
lines is also known to decrease effective contact angles.5 Here,
the two mechanisms work together to reduce the contact angle
to a critical value atwhich a thin film is drawnout of themeniscus.
The entrained film moves with the plate, while the meniscus
remains fixed. The entrained film thickness h can be estimated
byuseof the expressionoriginally derivedbyLandau andLevich18
for uniform wetting layers that are infinite in extent formed by
dip-coating from a Newtonian fluid with viscosity µ at constant
velocity U:

where (γ/Fg)1/2 is the capillary length for a fluid of density F,
γ is the surface tension, and Ca is the capillary number, Ca )
µU/γ. For an aqueous systemwithU) 150 µm/min,Ca∼ 10-8.
Since in our application the films are finite in extent, the use of
this expression is approximate.
The behavior of the particles forU>Ut depends on the value

of h compared to the particle diameter D. For h < D, particles
are driven by the flow toward the edge of the film but cannot
enter because of their size. They wedge into the region where
the liquid layer thickens to match to the wetting meniscus and
accumulate there.When the liquid covering an entrained particle
evaporates sufficiently, either the particle becomes the new
pinning site for the contact line or a thin film is entrained on the
plate itself. The stripe of particles moves upward with a thin film
entrained beneath it. The time required for this to occur can be
estimated a priori by considering the particle diameter divided
by the evaporation rate. For the 0.81 µm particle in a liquid with
a bulk evaporating rate of 5 µm/min, the time required to com-
pletely expose an entrained particle is 9.6 s. From experiment,
the time available for a stripe to form can be inferred from the
ratio of the stripe width to the withdrawal rate to be ∼2 s. This
is fairly good agreement, since the evaporation rate near the con-
tact line is large compared to the bulk value.19 Note also that the
time available for stripe formation is small compared to the grav-
itationally dominated case, so narrow-width stripes format higher
frequency. SEM images of the particle aggregates and the regions
between the stripes are reported in Supporting Information.

For high enoughU, the film thickness h becomes comparable
to the particle diameterD. Particles are convected freely into the
film by the streamlines adjacent to the substrate and deposit in
a sparse disordered layer. No stripes form. These three cases are
summarized schematically in Figure 3 with qualitative flow
fields.17
To further test this hypothesized mechanism for narrow stripe

formation, two additional series of experiments were performed
with suspensions of particles with D of 0.21 and 2.1 µm.
For the 0.21 µm particles at 0.01% volume fraction, the three

regimes of particle depositionwere again observed. The transition
velocity Ut was approximately 80 ( 10 µm/min. For U < Ut,
the 0.21 µm particles formed wide stripes in the gravitationally
dominated regime; SEM images of this regime are reported in
Supporting Information. For U > Ut, thin stripes form, with
some deposition of particles between stripes. For U. Ut, there
was nonuniform particle deposition.
For the 2.1µmparticles at 0.1%volume fraction, four behaviors

were observed. For low enough velocities (U ∼ 10 µm/min),
gravitational settling of the particles was faster than convection
to the three-phase contact line. Particles did not form stripes, and
they deposited only sparsely and without order on the surface
(data not shown). ForU) 0.1 cm/min, lines only a few particles
wide form (see SEM images in Supporting Information). The
spacing between the stripes compares well with the spacing in
the study of the 0.81 µm diameter particles in the gravitationally
dominated regime. The withdrawal velocity was increased in
steps of 0.1 cm/min. At U ) 0.5 cm/min, the particles formed
finely spaced (ill defined) thin stripes. The pinning ability of
these particles is very poor because of their large size and lower
number concentration. (Pinning is enhanced by the capillary
bridges that form between particles that are in contact or nearly
in contact. The curvature of these bridges scales inversely with
the particle radius.) For U > 1 cm/min, only disordered layers
form.
These data are summarized in Figure 4, in which we report

stripe width, stripe spacing, and entrained film thickness h,
predicted as a function of the particle diameterD and the velocity
of withdrawalU. Corresponding estimates for the entrained film
thickness h (from eq 1) are also reported in the figure caption.
In Table 1, these regimes are further characterized in terms of
stripe width, height, separation, and order.

(17) (a) Diaz, M. E.; Cerro, R. L. Thin Solid Films 2004, 460, 274. (b) Cerro,
R. L. J. Colloid Interface Sci. 2003, 257, 276 and references therein.
(18) Landau, L.; Levich, B. Acta Physicochim. URSS 1942, 17, 42.
(19) Hu, H.; Larson, R. G. J. Phys. Chem. B 2002, 106, 1334.

h ) 0.946(γ/Fg)1/2Ca2/3 (1)

Figure 3. Schematic representation of particle accumulation and
the flow pattern when a flat plate is removed from a suspension. (A)
Gravity-driven contact line jumping regime: U < Ut. Particles are
convected by evaporative flux to the contact line. They pin the
contact line at a finite contact angle. The meniscus is stretched by
theplatemotion.When it is tooheavy, it tears off and jumpsbackward.
(B) Film entrainment regime: U > Ut, h < D. A film of thickness
h is entrained on the plate. Particles are too large to enter the film
and accumulate to form a stripe roughly one particle high. The stripe
eventually dries; a new three-phase contact line forms. (C) Transition
to disorder: U . Ut, h ∼ D. Particles convect freely into the film
and deposit without order.
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In this gravity-dominated jump regime, the stripe width
decreases as U increases. Consider the meniscus in a reference
frame thatmoveswith the three-phase contact line as themeniscus
stretches. The flux of particles to the contact line is determined
by the flow field owing to evaporation only. Since the evaporative
flux does not become more rapid as U increases, fewer particles
are driven to the contact line between depinning events. Hence
stripes become narrower as U increases. For U > 50 µm/min,
the stripe width becomes independent of U, and the degree of
order in the stripes decreases (as shown in SEM images in
Supporting Information). Thewithdrawal velocity in this regime
is far greater than the evaporation flux, so few particles convect
to the three-phase contact line between depinning events.
For U > Ut, the stripe spacing changes abruptly to a tenth of

that in the gravitationally driven jumping regime. Stripe width
also changes abruptly at this velocity. Over a range of velocities,
the spacing and width remain fixed and independent of U. We
propose the following mechanism for this transition. Initially,
the first stripe of particles forms at a pinned contact line as
described above. However, for U > Ut, the dynamic contact
angle is reduced to a sufficiently low value that a thin film is
entrained on the plate. Contact angles arewell-known to decrease
in a dip-coating configuration.17 Particle accumulation at contact
lines is also known to decrease effective contact angles.5 Here,
the two mechanisms work together to reduce the contact angle
to a critical value atwhich a thin film is drawnout of themeniscus.
The entrained film moves with the plate, while the meniscus
remains fixed. The entrained film thickness h can be estimated
byuseof the expressionoriginally derivedbyLandau andLevich18
for uniform wetting layers that are infinite in extent formed by
dip-coating from a Newtonian fluid with viscosity µ at constant
velocity U:

where (γ/Fg)1/2 is the capillary length for a fluid of density F,
γ is the surface tension, and Ca is the capillary number, Ca )
µU/γ. For an aqueous systemwithU) 150 µm/min,Ca∼ 10-8.
Since in our application the films are finite in extent, the use of
this expression is approximate.
The behavior of the particles forU>Ut depends on the value

of h compared to the particle diameter D. For h < D, particles
are driven by the flow toward the edge of the film but cannot
enter because of their size. They wedge into the region where
the liquid layer thickens to match to the wetting meniscus and
accumulate there.When the liquid covering an entrained particle
evaporates sufficiently, either the particle becomes the new
pinning site for the contact line or a thin film is entrained on the
plate itself. The stripe of particles moves upward with a thin film
entrained beneath it. The time required for this to occur can be
estimated a priori by considering the particle diameter divided
by the evaporation rate. For the 0.81 µm particle in a liquid with
a bulk evaporating rate of 5 µm/min, the time required to com-
pletely expose an entrained particle is 9.6 s. From experiment,
the time available for a stripe to form can be inferred from the
ratio of the stripe width to the withdrawal rate to be ∼2 s. This
is fairly good agreement, since the evaporation rate near the con-
tact line is large compared to the bulk value.19 Note also that the
time available for stripe formation is small compared to the grav-
itationally dominated case, so narrow-width stripes format higher
frequency. SEM images of the particle aggregates and the regions
between the stripes are reported in Supporting Information.

For high enoughU, the film thickness h becomes comparable
to the particle diameterD. Particles are convected freely into the
film by the streamlines adjacent to the substrate and deposit in
a sparse disordered layer. No stripes form. These three cases are
summarized schematically in Figure 3 with qualitative flow
fields.17
To further test this hypothesized mechanism for narrow stripe

formation, two additional series of experiments were performed
with suspensions of particles with D of 0.21 and 2.1 µm.
For the 0.21 µm particles at 0.01% volume fraction, the three

regimes of particle depositionwere again observed. The transition
velocity Ut was approximately 80 ( 10 µm/min. For U < Ut,
the 0.21 µm particles formed wide stripes in the gravitationally
dominated regime; SEM images of this regime are reported in
Supporting Information. For U > Ut, thin stripes form, with
some deposition of particles between stripes. For U. Ut, there
was nonuniform particle deposition.
For the 2.1µmparticles at 0.1%volume fraction, four behaviors

were observed. For low enough velocities (U ∼ 10 µm/min),
gravitational settling of the particles was faster than convection
to the three-phase contact line. Particles did not form stripes, and
they deposited only sparsely and without order on the surface
(data not shown). ForU) 0.1 cm/min, lines only a few particles
wide form (see SEM images in Supporting Information). The
spacing between the stripes compares well with the spacing in
the study of the 0.81 µm diameter particles in the gravitationally
dominated regime. The withdrawal velocity was increased in
steps of 0.1 cm/min. At U ) 0.5 cm/min, the particles formed
finely spaced (ill defined) thin stripes. The pinning ability of
these particles is very poor because of their large size and lower
number concentration. (Pinning is enhanced by the capillary
bridges that form between particles that are in contact or nearly
in contact. The curvature of these bridges scales inversely with
the particle radius.) For U > 1 cm/min, only disordered layers
form.
These data are summarized in Figure 4, in which we report

stripe width, stripe spacing, and entrained film thickness h,
predicted as a function of the particle diameterD and the velocity
of withdrawalU. Corresponding estimates for the entrained film
thickness h (from eq 1) are also reported in the figure caption.
In Table 1, these regimes are further characterized in terms of
stripe width, height, separation, and order.

(17) (a) Diaz, M. E.; Cerro, R. L. Thin Solid Films 2004, 460, 274. (b) Cerro,
R. L. J. Colloid Interface Sci. 2003, 257, 276 and references therein.
(18) Landau, L.; Levich, B. Acta Physicochim. URSS 1942, 17, 42.
(19) Hu, H.; Larson, R. G. J. Phys. Chem. B 2002, 106, 1334.

h ) 0.946(γ/Fg)1/2Ca2/3 (1)

Figure 3. Schematic representation of particle accumulation and
the flow pattern when a flat plate is removed from a suspension. (A)
Gravity-driven contact line jumping regime: U < Ut. Particles are
convected by evaporative flux to the contact line. They pin the
contact line at a finite contact angle. The meniscus is stretched by
theplatemotion.When it is tooheavy, it tears off and jumpsbackward.
(B) Film entrainment regime: U > Ut, h < D. A film of thickness
h is entrained on the plate. Particles are too large to enter the film
and accumulate to form a stripe roughly one particle high. The stripe
eventually dries; a new three-phase contact line forms. (C) Transition
to disorder: U . Ut, h ∼ D. Particles convect freely into the film
and deposit without order.
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been performed in two-probe geometry. The powders of C1
and C2 (B0.2 mm thickness) were contained in a Teflon
sample holder between two stainless steel electrodes. The
particles of C3 have been dispersed in ethanol and deposited
on the electrode by spin-coating. Atomic force microscopy
(AFM) measurements on the deposited sample revealed a
discontinuous layer of about 100–150 nm in thickness with
only a few aggregates. Hence, the data obtained for this
sample correspond closely to the conduction through single
particles and small aggregates of 2–3 nanoparticles.

By recording the electrical conductivity in the heating and
cooling modes, each sample (C1–C3) reveals, reproductively, a
large thermal hysteresis of sdc (Fig. 2), which can be assigned
obviously to the spin transition properties.

When the temperature increases, the conductivity of C1 is
strongly thermally activated and drops abruptly at around
372 K by B2 orders of magnitude. At 365 K, i.e. within the
hysteresis region, the conductivity is 1.2! 10"11 Sm"1 in the LS
state and 1.7 ! 10"13 Sm"1 in the HS state. The conductivity of
sample C2 is significantly higher when compared to C1, but the
(relative) conductivity change associated with the spin transi-
tion is much smaller (sLSdc = 2.2 ! 10"9 Sm"1, sHS

dc = 1.3 !
10"9 Sm"1). The spin state dependence of the conductivity was
detected even through very thin samples, in which the electrodes
are separated by typically 1–2 particles only (sample C3). This
observation suggests that the conductivity hysteresis is essentially
the property of the particles and not dominated by grain boundary
contribution. The thermal activation energy of the electrical
conductivity in both the LS and HS states was determined for
samples C1 and C2 using the Arrhenius equation:

sdc ¼ s0e
" Ea
kBT ð1Þ

where s0 is the pre-exponential factor, Ea is the activation energy
and kB is the Boltzmann constant. Ea can be calculated from the
slope of the plot ln[s(T)] vs. 1/T (see ESIw). In Table 1 one can see
that the activation energy values are smaller in the LS state when
compared to the HS state for both compounds. On the other
hand, the pre-exponential factor presents very different behaviors.
SampleC1 is characterized by approximately the same value of the
pre-exponential factors in the two spin states, while in sample C2
s0 is very high and increases by three orders of magnitude when
going from the LS to the HS state. It is worth stressing here that
such huge difference between C1 and C2 occurs even though the
composition, structure and spin crossover properties of the two
samples were found to be very similar.

The small value of the electrical conductivity suggests that
the charge transport takes place by polaron hopping. One
possible origin of the dc conductivity change is a hopping
distance and/or hopping frequency modulation due to the
change of the relevant phonon frequencies. Indeed, in the
HS state the metal–ligand bond lengths are higher, leading to
an overall shift of the vibrational density of states to lower
frequencies.2 Hence, the phonon contribution is more important
in the LS state than in the HS state, which could explain the
higher value of the electrical conductivity in the LS state. In the
case of hopping transport, the Einstein diffusion relation is often
used to connect the dc conductivity with the hopping frequency:

sdc ¼
ncðeaÞ2

6kBT
Wp ¼

ncðeaÞ2

6kBT
W0pexp

"Ep

kBT

! "
ð2Þ

where nc is the carrier density, e is the electronic charge, a is the
hopping distance, np is the hopping frequency, n0p is the phonon
frequency and Ep is the activation energy of the hopping
process (typically Ep = Ea).

9 One can see that the value of
the pre-exponential factor is obtained by the competition of two
terms: the hopping distance (which is larger in the HS state) and
hopping frequency (which is higher in the LS state). The
variation of the hopping activation energy with the electronic
structure change is even more complex.10 Depending thus on
the microscopic details of the charge carrier hopping one may
expect rather different behaviors when comparing different
SCO compounds and even in the same compound with different
defects and morphology. Here it is worth noting also that the
energy gap between the HS and LS states is typically less than
40–50 meV, i.e. much smaller than the activation energy of the
electrical conductivity (B500 meV). Therefore, the fact that in
the HS state the electrons are unpaired should not play any
important role in the thermal activation process of the electrical
conductivity; all the more it is not sure whether the electrons of
the iron ions would participate in the charge transport. One
should also note that the SCO can also induce in certain cases a
structural phase transition and may be difficult to separate the
contributions of the two phenomena to the conductance
change. According to the combined pXRD and Raman study

Fig. 2 Temperature dependence of the dc electrical conductivity of compounds C1 (left) and C2 (middle) in the heating (red) and cooling (blue)

modes. For C3 (right) we show the I = f(T) curve because the conductivity could not be determined accurately (see ESIw for details). The insets

show typical TEM images of the samples (see also ESIw).

Table 1 Pre-exponential factors and activation energies of the
conductivity in the LS and HS states

sLS0 /Sm"1 sHS
0 /Sm"1 ELS

a /eV EHS
a /eV

C1 6.0(2) ! 10"7 9.2(2) ! 10"7 0.34(2) 0.52(4)
C2 6.1(1) ! 10"4 5.0(4) ! 10"1 0.52(1) 0.87(1)
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been performed in two-probe geometry. The powders of C1
and C2 (B0.2 mm thickness) were contained in a Teflon
sample holder between two stainless steel electrodes. The
particles of C3 have been dispersed in ethanol and deposited
on the electrode by spin-coating. Atomic force microscopy
(AFM) measurements on the deposited sample revealed a
discontinuous layer of about 100–150 nm in thickness with
only a few aggregates. Hence, the data obtained for this
sample correspond closely to the conduction through single
particles and small aggregates of 2–3 nanoparticles.

By recording the electrical conductivity in the heating and
cooling modes, each sample (C1–C3) reveals, reproductively, a
large thermal hysteresis of sdc (Fig. 2), which can be assigned
obviously to the spin transition properties.

When the temperature increases, the conductivity of C1 is
strongly thermally activated and drops abruptly at around
372 K by B2 orders of magnitude. At 365 K, i.e. within the
hysteresis region, the conductivity is 1.2! 10"11 Sm"1 in the LS
state and 1.7 ! 10"13 Sm"1 in the HS state. The conductivity of
sample C2 is significantly higher when compared to C1, but the
(relative) conductivity change associated with the spin transi-
tion is much smaller (sLSdc = 2.2 ! 10"9 Sm"1, sHS

dc = 1.3 !
10"9 Sm"1). The spin state dependence of the conductivity was
detected even through very thin samples, in which the electrodes
are separated by typically 1–2 particles only (sample C3). This
observation suggests that the conductivity hysteresis is essentially
the property of the particles and not dominated by grain boundary
contribution. The thermal activation energy of the electrical
conductivity in both the LS and HS states was determined for
samples C1 and C2 using the Arrhenius equation:

sdc ¼ s0e
" Ea
kBT ð1Þ

where s0 is the pre-exponential factor, Ea is the activation energy
and kB is the Boltzmann constant. Ea can be calculated from the
slope of the plot ln[s(T)] vs. 1/T (see ESIw). In Table 1 one can see
that the activation energy values are smaller in the LS state when
compared to the HS state for both compounds. On the other
hand, the pre-exponential factor presents very different behaviors.
SampleC1 is characterized by approximately the same value of the
pre-exponential factors in the two spin states, while in sample C2
s0 is very high and increases by three orders of magnitude when
going from the LS to the HS state. It is worth stressing here that
such huge difference between C1 and C2 occurs even though the
composition, structure and spin crossover properties of the two
samples were found to be very similar.

The small value of the electrical conductivity suggests that
the charge transport takes place by polaron hopping. One
possible origin of the dc conductivity change is a hopping
distance and/or hopping frequency modulation due to the
change of the relevant phonon frequencies. Indeed, in the
HS state the metal–ligand bond lengths are higher, leading to
an overall shift of the vibrational density of states to lower
frequencies.2 Hence, the phonon contribution is more important
in the LS state than in the HS state, which could explain the
higher value of the electrical conductivity in the LS state. In the
case of hopping transport, the Einstein diffusion relation is often
used to connect the dc conductivity with the hopping frequency:

sdc ¼
ncðeaÞ2

6kBT
Wp ¼

ncðeaÞ2

6kBT
W0pexp

"Ep

kBT

! "
ð2Þ

where nc is the carrier density, e is the electronic charge, a is the
hopping distance, np is the hopping frequency, n0p is the phonon
frequency and Ep is the activation energy of the hopping
process (typically Ep = Ea).

9 One can see that the value of
the pre-exponential factor is obtained by the competition of two
terms: the hopping distance (which is larger in the HS state) and
hopping frequency (which is higher in the LS state). The
variation of the hopping activation energy with the electronic
structure change is even more complex.10 Depending thus on
the microscopic details of the charge carrier hopping one may
expect rather different behaviors when comparing different
SCO compounds and even in the same compound with different
defects and morphology. Here it is worth noting also that the
energy gap between the HS and LS states is typically less than
40–50 meV, i.e. much smaller than the activation energy of the
electrical conductivity (B500 meV). Therefore, the fact that in
the HS state the electrons are unpaired should not play any
important role in the thermal activation process of the electrical
conductivity; all the more it is not sure whether the electrons of
the iron ions would participate in the charge transport. One
should also note that the SCO can also induce in certain cases a
structural phase transition and may be difficult to separate the
contributions of the two phenomena to the conductance
change. According to the combined pXRD and Raman study

Fig. 2 Temperature dependence of the dc electrical conductivity of compounds C1 (left) and C2 (middle) in the heating (red) and cooling (blue)

modes. For C3 (right) we show the I = f(T) curve because the conductivity could not be determined accurately (see ESIw for details). The insets

show typical TEM images of the samples (see also ESIw).

Table 1 Pre-exponential factors and activation energies of the
conductivity in the LS and HS states

sLS0 /Sm"1 sHS
0 /Sm"1 ELS

a /eV EHS
a /eV

C1 6.0(2) ! 10"7 9.2(2) ! 10"7 0.34(2) 0.52(4)
C2 6.1(1) ! 10"4 5.0(4) ! 10"1 0.52(1) 0.87(1)
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Particles of sample C4 were synthesized using a procedure similar to the one described in ref. 8. 

Fe(BF4)2•6H2O (500 mg, 1.48 mmol) was dissolved in water (3 mL) and added to a mixture of 

sodium dioctylsulfosuccinate (5 g), in 50 mL of octane. 1,2,4-1H-triazole (307 mg, 4.44 mmol) 

was dissolved in ethanol (1.5 mL) and added to a mixture of sodium dioctylsulfosuccinate (5 g) 

in 50 mL of octane. The two suspensions were mixed and stirred vigorously for 1 h. The mixture 

was then centrifuged and the resulting solid washed three times with octane. The particles were 

characterized by TEM, temperature dependent reflectivity measurements as well as by Raman 

and infrared spectroscopies (see below). The spin transition curve and the vibrational spectra of 

C4 compare well to those obtained for samples C2 and C3 (see ref. 9). 
 

 
Figure S9. Thermal spin transition curve of sample C4 measured by optical reflectivity (543 nm). 

 

 
Figure S10. TEM image of nanoparticles of sample C4 
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with equidistant Coulom
b staircase features,  e / C  was found to 

be 240 and 210 m
eV (see Figure  3  and Supporting Inform

a-

tion Figure S3, respectively). These values can be com
pared to a 

sim
ple estim

ate obtained from
 the self capacitance of a sphere 

given by  C   =  2  π  ε   r   ε  0  d. W
ith a core diam

eter  d  of 8 nm
 and using 

a dielectric constant   ε   r   of 2, a typical value for the organic sur-

factant layer, we found  e / C  to be equal to 181 m
eV, which is 

in close agreem
ent with the experim

ental values considering 

current–voltage ( I – V )characteristics and peaks in the corre-

sponding derivative (d I /d V ), rem
iniscent of a Coulom

b stair-

case (see  Figure  3  ). [  28  ]  The transport m
echanism

 is therefore 

sequential single-electron tunnelling through an asym
m

etric 

double-barrier junction in which the nanoparticle core is the 

island, isolated from
 the electrodes by tunnel barriers defi ned 

by the surfactant layer. [  29  ]  In this geom
etry, electrons fi rst tunnel 

onto the particle and rem
ain there for som

e tim
e before tunnel-

ling off again. The conductance through the junction is there-

fore fully determ
ined by the probabilities of tunnelling through 

the surfactant layer, i.e., the barrier m
aterial and width deter-

m
ine the device resistance.  

 The fact that the Coulom
b steps in Figure  3  are equidis-

tant indicates that transport occurs through a single particle. 

The peak separation in the d I /d V  versus  V  plot of this single-

particle device then equals  e / C , where  e  is the elem
entary 

charge and  C  is the island capacitance; for the two devices 

      Figure  1 .     a) Ligand-fi eld splitting and fi lling of the fi ve d-orbitals in Fe(II) octahedral centers, in which the spin crossover is defi ned by a transition 

between a low-spin state, S  =  0, and a high-spin state, S  =  2. b) M
agnetic susceptibility as a function of the temperature of aggregates of the nanoparti-

cles showing hysteresis above room temperature. c) Schematic side view of the device geometry with the nanoparticle placed on top of the electrodes. 

The spin-crossover core is represented in purple, the surfactant shell in blue. d) Top: Schematic of the device before Cr wet-etching showing the dif-

ferent layers in the fabrication and the Cr 2  O 3   shadow mask. For a more detailed schematic of the fabrication, see the Supporting Information. Bottom: 

Scanning electron microscopy image of a device illustrating the different dimensions (electrode distance,  d   =  5–10 nm, width,  W
   =  100 nm or 1  µ m).  

      Figure  2 .     Left: Room-temperature current–voltage characteristics before 

(green) and after (red) deposition of the particles on a device with 

1- µ m-wide electrodes. Right: The same for a device with 100-nm-wide 

electrodes. In both cases a clear increase in the current is observed.  

      Figure  3 .     Top: Current–voltage characteristic of the 100-nm-wide device 

shown in Figure 2 at 10 K. The equidistant step-like features indicate Cou-

lomb staircase behavior and transport through a single particle. Bottom: 

Corresponding fi rst derivative (d I /d V ) of the current. Grey arrows are 

equally spaced at 240 mV and coincide with peaks that exhibit equidis-

tant spacing.  0.0
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been performed in two-probe geometry. The powders of C1
and C2 (B0.2 mm thickness) were contained in a Teflon
sample holder between two stainless steel electrodes. The
particles of C3 have been dispersed in ethanol and deposited
on the electrode by spin-coating. Atomic force microscopy
(AFM) measurements on the deposited sample revealed a
discontinuous layer of about 100–150 nm in thickness with
only a few aggregates. Hence, the data obtained for this
sample correspond closely to the conduction through single
particles and small aggregates of 2–3 nanoparticles.

By recording the electrical conductivity in the heating and
cooling modes, each sample (C1–C3) reveals, reproductively, a
large thermal hysteresis of sdc (Fig. 2), which can be assigned
obviously to the spin transition properties.

When the temperature increases, the conductivity of C1 is
strongly thermally activated and drops abruptly at around
372 K by B2 orders of magnitude. At 365 K, i.e. within the
hysteresis region, the conductivity is 1.2! 10"11 Sm"1 in the LS
state and 1.7 ! 10"13 Sm"1 in the HS state. The conductivity of
sample C2 is significantly higher when compared to C1, but the
(relative) conductivity change associated with the spin transi-
tion is much smaller (sLSdc = 2.2 ! 10"9 Sm"1, sHS

dc = 1.3 !
10"9 Sm"1). The spin state dependence of the conductivity was
detected even through very thin samples, in which the electrodes
are separated by typically 1–2 particles only (sample C3). This
observation suggests that the conductivity hysteresis is essentially
the property of the particles and not dominated by grain boundary
contribution. The thermal activation energy of the electrical
conductivity in both the LS and HS states was determined for
samples C1 and C2 using the Arrhenius equation:

sdc ¼ s0e
" Ea
kBT ð1Þ

where s0 is the pre-exponential factor, Ea is the activation energy
and kB is the Boltzmann constant. Ea can be calculated from the
slope of the plot ln[s(T)] vs. 1/T (see ESIw). In Table 1 one can see
that the activation energy values are smaller in the LS state when
compared to the HS state for both compounds. On the other
hand, the pre-exponential factor presents very different behaviors.
SampleC1 is characterized by approximately the same value of the
pre-exponential factors in the two spin states, while in sample C2
s0 is very high and increases by three orders of magnitude when
going from the LS to the HS state. It is worth stressing here that
such huge difference between C1 and C2 occurs even though the
composition, structure and spin crossover properties of the two
samples were found to be very similar.

The small value of the electrical conductivity suggests that
the charge transport takes place by polaron hopping. One
possible origin of the dc conductivity change is a hopping
distance and/or hopping frequency modulation due to the
change of the relevant phonon frequencies. Indeed, in the
HS state the metal–ligand bond lengths are higher, leading to
an overall shift of the vibrational density of states to lower
frequencies.2 Hence, the phonon contribution is more important
in the LS state than in the HS state, which could explain the
higher value of the electrical conductivity in the LS state. In the
case of hopping transport, the Einstein diffusion relation is often
used to connect the dc conductivity with the hopping frequency:

sdc ¼
ncðeaÞ2

6kBT
Wp ¼

ncðeaÞ2

6kBT
W0pexp

"Ep

kBT

! "
ð2Þ

where nc is the carrier density, e is the electronic charge, a is the
hopping distance, np is the hopping frequency, n0p is the phonon
frequency and Ep is the activation energy of the hopping
process (typically Ep = Ea).

9 One can see that the value of
the pre-exponential factor is obtained by the competition of two
terms: the hopping distance (which is larger in the HS state) and
hopping frequency (which is higher in the LS state). The
variation of the hopping activation energy with the electronic
structure change is even more complex.10 Depending thus on
the microscopic details of the charge carrier hopping one may
expect rather different behaviors when comparing different
SCO compounds and even in the same compound with different
defects and morphology. Here it is worth noting also that the
energy gap between the HS and LS states is typically less than
40–50 meV, i.e. much smaller than the activation energy of the
electrical conductivity (B500 meV). Therefore, the fact that in
the HS state the electrons are unpaired should not play any
important role in the thermal activation process of the electrical
conductivity; all the more it is not sure whether the electrons of
the iron ions would participate in the charge transport. One
should also note that the SCO can also induce in certain cases a
structural phase transition and may be difficult to separate the
contributions of the two phenomena to the conductance
change. According to the combined pXRD and Raman study

Fig. 2 Temperature dependence of the dc electrical conductivity of compounds C1 (left) and C2 (middle) in the heating (red) and cooling (blue)

modes. For C3 (right) we show the I = f(T) curve because the conductivity could not be determined accurately (see ESIw for details). The insets

show typical TEM images of the samples (see also ESIw).

Table 1 Pre-exponential factors and activation energies of the
conductivity in the LS and HS states

sLS0 /Sm"1 sHS
0 /Sm"1 ELS

a /eV EHS
a /eV

C1 6.0(2) ! 10"7 9.2(2) ! 10"7 0.34(2) 0.52(4)
C2 6.1(1) ! 10"4 5.0(4) ! 10"1 0.52(1) 0.87(1)
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been performed in two-probe geometry. The powders of C1
and C2 (B0.2 mm thickness) were contained in a Teflon
sample holder between two stainless steel electrodes. The
particles of C3 have been dispersed in ethanol and deposited
on the electrode by spin-coating. Atomic force microscopy
(AFM) measurements on the deposited sample revealed a
discontinuous layer of about 100–150 nm in thickness with
only a few aggregates. Hence, the data obtained for this
sample correspond closely to the conduction through single
particles and small aggregates of 2–3 nanoparticles.

By recording the electrical conductivity in the heating and
cooling modes, each sample (C1–C3) reveals, reproductively, a
large thermal hysteresis of sdc (Fig. 2), which can be assigned
obviously to the spin transition properties.

When the temperature increases, the conductivity of C1 is
strongly thermally activated and drops abruptly at around
372 K by B2 orders of magnitude. At 365 K, i.e. within the
hysteresis region, the conductivity is 1.2! 10"11 Sm"1 in the LS
state and 1.7 ! 10"13 Sm"1 in the HS state. The conductivity of
sample C2 is significantly higher when compared to C1, but the
(relative) conductivity change associated with the spin transi-
tion is much smaller (sLSdc = 2.2 ! 10"9 Sm"1, sHS

dc = 1.3 !
10"9 Sm"1). The spin state dependence of the conductivity was
detected even through very thin samples, in which the electrodes
are separated by typically 1–2 particles only (sample C3). This
observation suggests that the conductivity hysteresis is essentially
the property of the particles and not dominated by grain boundary
contribution. The thermal activation energy of the electrical
conductivity in both the LS and HS states was determined for
samples C1 and C2 using the Arrhenius equation:

sdc ¼ s0e
" Ea
kBT ð1Þ

where s0 is the pre-exponential factor, Ea is the activation energy
and kB is the Boltzmann constant. Ea can be calculated from the
slope of the plot ln[s(T)] vs. 1/T (see ESIw). In Table 1 one can see
that the activation energy values are smaller in the LS state when
compared to the HS state for both compounds. On the other
hand, the pre-exponential factor presents very different behaviors.
SampleC1 is characterized by approximately the same value of the
pre-exponential factors in the two spin states, while in sample C2
s0 is very high and increases by three orders of magnitude when
going from the LS to the HS state. It is worth stressing here that
such huge difference between C1 and C2 occurs even though the
composition, structure and spin crossover properties of the two
samples were found to be very similar.

The small value of the electrical conductivity suggests that
the charge transport takes place by polaron hopping. One
possible origin of the dc conductivity change is a hopping
distance and/or hopping frequency modulation due to the
change of the relevant phonon frequencies. Indeed, in the
HS state the metal–ligand bond lengths are higher, leading to
an overall shift of the vibrational density of states to lower
frequencies.2 Hence, the phonon contribution is more important
in the LS state than in the HS state, which could explain the
higher value of the electrical conductivity in the LS state. In the
case of hopping transport, the Einstein diffusion relation is often
used to connect the dc conductivity with the hopping frequency:

sdc ¼
ncðeaÞ2

6kBT
Wp ¼

ncðeaÞ2

6kBT
W0pexp

"Ep

kBT

! "
ð2Þ

where nc is the carrier density, e is the electronic charge, a is the
hopping distance, np is the hopping frequency, n0p is the phonon
frequency and Ep is the activation energy of the hopping
process (typically Ep = Ea).

9 One can see that the value of
the pre-exponential factor is obtained by the competition of two
terms: the hopping distance (which is larger in the HS state) and
hopping frequency (which is higher in the LS state). The
variation of the hopping activation energy with the electronic
structure change is even more complex.10 Depending thus on
the microscopic details of the charge carrier hopping one may
expect rather different behaviors when comparing different
SCO compounds and even in the same compound with different
defects and morphology. Here it is worth noting also that the
energy gap between the HS and LS states is typically less than
40–50 meV, i.e. much smaller than the activation energy of the
electrical conductivity (B500 meV). Therefore, the fact that in
the HS state the electrons are unpaired should not play any
important role in the thermal activation process of the electrical
conductivity; all the more it is not sure whether the electrons of
the iron ions would participate in the charge transport. One
should also note that the SCO can also induce in certain cases a
structural phase transition and may be difficult to separate the
contributions of the two phenomena to the conductance
change. According to the combined pXRD and Raman study

Fig. 2 Temperature dependence of the dc electrical conductivity of compounds C1 (left) and C2 (middle) in the heating (red) and cooling (blue)

modes. For C3 (right) we show the I = f(T) curve because the conductivity could not be determined accurately (see ESIw for details). The insets

show typical TEM images of the samples (see also ESIw).

Table 1 Pre-exponential factors and activation energies of the
conductivity in the LS and HS states

sLS0 /Sm"1 sHS
0 /Sm"1 ELS

a /eV EHS
a /eV

C1 6.0(2) ! 10"7 9.2(2) ! 10"7 0.34(2) 0.52(4)
C2 6.1(1) ! 10"4 5.0(4) ! 10"1 0.52(1) 0.87(1)
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with equidistant Coulom
b staircase features,  e / C  was found to 

be 240 and 210 m
eV (see Figure  3  and Supporting Inform
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tion Figure S3, respectively). These values can be com
pared to a 

sim
ple estim

ate obtained from
 the self capacitance of a sphere 

given by  C   =  2  π  ε   r   ε  0  d. W
ith a core diam

eter  d  of 8 nm
 and using 

a dielectric constant   ε   r   of 2, a typical value for the organic sur-

factant layer, we found  e / C  to be equal to 181 m
eV, which is 

in close agreem
ent with the experim

ental values considering 

current–voltage ( I – V )characteristics and peaks in the corre-

sponding derivative (d I /d V ), rem
iniscent of a Coulom

b stair-

case (see  Figure  3  ). [  28  ]  The transport m
echanism

 is therefore 

sequential single-electron tunnelling through an asym
m

etric 

double-barrier junction in which the nanoparticle core is the 

island, isolated from
 the electrodes by tunnel barriers defi ned 

by the surfactant layer. [  29  ]  In this geom
etry, electrons fi rst tunnel 

onto the particle and rem
ain there for som

e tim
e before tunnel-

ling off again. The conductance through the junction is there-

fore fully determ
ined by the probabilities of tunnelling through 

the surfactant layer, i.e., the barrier m
aterial and width deter-

m
ine the device resistance.  

 The fact that the Coulom
b steps in Figure  3  are equidis-

tant indicates that transport occurs through a single particle. 

The peak separation in the d I /d V  versus  V  plot of this single-

particle device then equals  e / C , where  e  is the elem
entary 

charge and  C  is the island capacitance; for the two devices 

      Figure  1 .     a) Ligand-fi eld splitting and fi lling of the fi ve d-orbitals in Fe(II) octahedral centers, in which the spin crossover is defi ned by a transition 

between a low-spin state, S  =  0, and a high-spin state, S  =  2. b) M
agnetic susceptibility as a function of the temperature of aggregates of the nanoparti-

cles showing hysteresis above room temperature. c) Schematic side view of the device geometry with the nanoparticle placed on top of the electrodes. 

The spin-crossover core is represented in purple, the surfactant shell in blue. d) Top: Schematic of the device before Cr wet-etching showing the dif-

ferent layers in the fabrication and the Cr 2  O 3   shadow mask. For a more detailed schematic of the fabrication, see the Supporting Information. Bottom: 

Scanning electron microscopy image of a device illustrating the different dimensions (electrode distance,  d   =  5–10 nm, width,  W
   =  100 nm or 1  µ m).  

      Figure  2 .     Left: Room-temperature current–voltage characteristics before 

(green) and after (red) deposition of the particles on a device with 

1- µ m-wide electrodes. Right: The same for a device with 100-nm-wide 

electrodes. In both cases a clear increase in the current is observed.  

      Figure  3 .     Top: Current–voltage characteristic of the 100-nm-wide device 

shown in Figure 2 at 10 K. The equidistant step-like features indicate Cou-

lomb staircase behavior and transport through a single particle. Bottom: 

Corresponding fi rst derivative (d I /d V ) of the current. Grey arrows are 

equally spaced at 240 mV and coincide with peaks that exhibit equidis-

tant spacing.  0.0
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with equidistant Coulomb staircase features,  e / C  was found to 
be 240 and 210 meV (see Figure  3  and Supporting Informa-
tion Figure S3, respectively). These values can be compared to a 
simple estimate obtained from the self capacitance of a sphere 
given by  C   =  2  π  ε   r  ε  0 d. With a core diameter  d  of 8 nm and using 
a dielectric constant   ε   r  of 2, a typical value for the organic sur-
factant layer, we found  e / C  to be equal to 181 meV, which is 
in close agreement with the experimental values considering 

current–voltage ( I – V )characteristics and peaks in the corre-
sponding derivative (d I /d V ), reminiscent of a Coulomb stair-
case (see  Figure  3  ). [  28  ]  The transport mechanism is therefore 
sequential single-electron tunnelling through an asymmetric 
double-barrier junction in which the nanoparticle core is the 
island, isolated from the electrodes by tunnel barriers defi ned 
by the surfactant layer. [  29  ]  In this geometry, electrons fi rst tunnel 
onto the particle and remain there for some time before tunnel-
ling off again. The conductance through the junction is there-
fore fully determined by the probabilities of tunnelling through 
the surfactant layer, i.e., the barrier material and width deter-
mine the device resistance.  

 The fact that the Coulomb steps in Figure  3  are equidis-
tant indicates that transport occurs through a single particle. 
The peak separation in the d I /d V  versus  V  plot of this single-
particle device then equals  e / C , where  e  is the elementary 
charge and  C  is the island capacitance; for the two devices 

      Figure  1 .     a) Ligand-fi eld splitting and fi lling of the fi ve d-orbitals in Fe(II) octahedral centers, in which the spin crossover is defi ned by a transition 
between a low-spin state, S  =  0, and a high-spin state, S  =  2. b) Magnetic susceptibility as a function of the temperature of aggregates of the nanoparti-
cles showing hysteresis above room temperature. c) Schematic side view of the device geometry with the nanoparticle placed on top of the electrodes. 
The spin-crossover core is represented in purple, the surfactant shell in blue. d) Top: Schematic of the device before Cr wet-etching showing the dif-
ferent layers in the fabrication and the Cr 2 O 3  shadow mask. For a more detailed schematic of the fabrication, see the Supporting Information. Bottom: 
Scanning electron microscopy image of a device illustrating the different dimensions (electrode distance,  d   =  5–10 nm, width,  W   =  100 nm or 1  µ m).  

      Figure  2 .     Left: Room-temperature current–voltage characteristics before 
(green) and after (red) deposition of the particles on a device with 
1- µ m-wide electrodes. Right: The same for a device with 100-nm-wide 
electrodes. In both cases a clear increase in the current is observed.  

      Figure  3 .     Top: Current–voltage characteristic of the 100-nm-wide device 
shown in Figure 2 at 10 K. The equidistant step-like features indicate Cou-
lomb staircase behavior and transport through a single particle. Bottom: 
Corresponding fi rst derivative (d I /d V ) of the current. Grey arrows are 
equally spaced at 240 mV and coincide with peaks that exhibit equidis-
tant spacing.  
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renforcement de la liaison C-N suite au raccourcissement des distances Fe - N des complexes 

considérés[28]. Ainsi, la spectroscopie infrarouge permet de souligner qualitativement la 

modification de la sphère de coordination du métal lors de la transition de spin. 

I.2.2 - Distances Métal - Ligand 

Les modifications structurales induites par la conversion de spin concernent 

essentiellement les distances métal-ligand[53]. La figure I.14 représente schématiquement la 

dilatation de la sphère de coordination qui accompagne systématiquement la transition BS 

HS dans le cas de l'ion Fe(II). 

eg

t2g

eg

t2g

figure I.14. Représentation schématique de l'évolution de la sphère de coordination du métal lors 
d’une transition de spin du fer (II). 

La dilatation de la sphère de coordination du métal, qui se traduit par l'allongement des 

distances métal- ligand, est un effet dû à la conjugaison des deux processus suivants : 

Dans l’état haut spin, les orbitales antiliantes eg, initialement vides, se 

peuplent. Les lobes de ces orbitales, pointant vers les éléments coordinés au 

métal, repoussent alors les ligands. 
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Bas spin 
S = 0 

Haut spin
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Trop tôt pour souligner une contradiction => plus d’investigations 
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with equidistant Coulomb staircase features,  e / C  was found to 
be 240 and 210 meV (see Figure  3  and Supporting Informa-
tion Figure S3, respectively). These values can be compared to a 
simple estimate obtained from the self capacitance of a sphere 
given by  C   =  2  π  ε   r  ε  0 d. With a core diameter  d  of 8 nm and using 
a dielectric constant   ε   r  of 2, a typical value for the organic sur-
factant layer, we found  e / C  to be equal to 181 meV, which is 
in close agreement with the experimental values considering 

current–voltage ( I – V )characteristics and peaks in the corre-
sponding derivative (d I /d V ), reminiscent of a Coulomb stair-
case (see  Figure  3  ). [  28  ]  The transport mechanism is therefore 
sequential single-electron tunnelling through an asymmetric 
double-barrier junction in which the nanoparticle core is the 
island, isolated from the electrodes by tunnel barriers defi ned 
by the surfactant layer. [  29  ]  In this geometry, electrons fi rst tunnel 
onto the particle and remain there for some time before tunnel-
ling off again. The conductance through the junction is there-
fore fully determined by the probabilities of tunnelling through 
the surfactant layer, i.e., the barrier material and width deter-
mine the device resistance.  

 The fact that the Coulomb steps in Figure  3  are equidis-
tant indicates that transport occurs through a single particle. 
The peak separation in the d I /d V  versus  V  plot of this single-
particle device then equals  e / C , where  e  is the elementary 
charge and  C  is the island capacitance; for the two devices 

      Figure  1 .     a) Ligand-fi eld splitting and fi lling of the fi ve d-orbitals in Fe(II) octahedral centers, in which the spin crossover is defi ned by a transition 
between a low-spin state, S  =  0, and a high-spin state, S  =  2. b) Magnetic susceptibility as a function of the temperature of aggregates of the nanoparti-
cles showing hysteresis above room temperature. c) Schematic side view of the device geometry with the nanoparticle placed on top of the electrodes. 
The spin-crossover core is represented in purple, the surfactant shell in blue. d) Top: Schematic of the device before Cr wet-etching showing the dif-
ferent layers in the fabrication and the Cr 2 O 3  shadow mask. For a more detailed schematic of the fabrication, see the Supporting Information. Bottom: 
Scanning electron microscopy image of a device illustrating the different dimensions (electrode distance,  d   =  5–10 nm, width,  W   =  100 nm or 1  µ m).  

      Figure  2 .     Left: Room-temperature current–voltage characteristics before 
(green) and after (red) deposition of the particles on a device with 
1- µ m-wide electrodes. Right: The same for a device with 100-nm-wide 
electrodes. In both cases a clear increase in the current is observed.  

      Figure  3 .     Top: Current–voltage characteristic of the 100-nm-wide device 
shown in Figure 2 at 10 K. The equidistant step-like features indicate Cou-
lomb staircase behavior and transport through a single particle. Bottom: 
Corresponding fi rst derivative (d I /d V ) of the current. Grey arrows are 
equally spaced at 240 mV and coincide with peaks that exhibit equidis-
tant spacing.  
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renforcement de la liaison C-N suite au raccourcissement des distances Fe - N des complexes 

considérés[28]. Ainsi, la spectroscopie infrarouge permet de souligner qualitativement la 

modification de la sphère de coordination du métal lors de la transition de spin. 

I.2.2 - Distances Métal - Ligand 

Les modifications structurales induites par la conversion de spin concernent 

essentiellement les distances métal-ligand[53]. La figure I.14 représente schématiquement la 

dilatation de la sphère de coordination qui accompagne systématiquement la transition BS 

HS dans le cas de l'ion Fe(II). 
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figure I.14. Représentation schématique de l'évolution de la sphère de coordination du métal lors 
d’une transition de spin du fer (II). 

La dilatation de la sphère de coordination du métal, qui se traduit par l'allongement des 

distances métal- ligand, est un effet dû à la conjugaison des deux processus suivants : 

Dans l’état haut spin, les orbitales antiliantes eg, initialement vides, se 

peuplent. Les lobes de ces orbitales, pointant vers les éléments coordinés au 

métal, repoussent alors les ligands. 
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Conclusion	
  

CO => peu ou pas de TMR & Effet fort champ (H/T) 
 
Acides carboxyliques => TMR 300 K & Effet fort champ  H/(T+T’) 
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⇒ Forte anisotropie (métal , forme), taille de réseaux 
⇒ Cycle aromatique, tête fonctionnelle, 
⇒ Transport cohérent => molécules bi-fonctionnelles 

Augmenter la TMR 

  
⇒ Composés à transition de spin (nano-objets) 
⇒ Molécules complexes 
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